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The rapid advances in integrated circuit (IC) design and fabrication continue to 
challenge electronic packaging technology in terms of fine pitch, high performance, low 
cost and better reliability. In the near future, the demands for higher I/O count per IC chip 
increases as the IC technology shift towards the nano-ICs with feature size less than 
90nm. According to the ITRS Roadmap, the I/O counts will increase to around 10,000 by 
2014. Such a substantial increase in I/O counts will give rise to very small pitches and 
sizes of off-chip interconnects with the concomitant increase in interconnect stresses and 
much reduced fatigue life. It is unlikely that conventional lead-tin and lead-free solder 
materials are able to provide the strength and reliability required by future ultra-fine-pitch 
packages. Therefore, interconnect materials with enhanced mechanical properties are 
required at this juncture to realize the high performance microelectronic devices of the 
future.  
The overall focus of this research work is on the development of nanocomposite 
Sn-Pb and Sn-Ag-Cu solders reinforced with various types of nano-particles, the 
characterization of their microstructural, physical and mechanical properties, and the 
establishment of their reliability in actual flip-chip applications.  
Sn-Pb and Sn-Ag-Cu based nanocomposite solders were successfully synthesized 
by incorporating nano-size particles of copper, nickel, molybdenum and SWCNTs 
through the powder metallurgy route. The microstructure, physical properties, and 
mechanical properties of the nanocomposite solders were investigated. When compared 
to the pure Sn-Pb and Sn–3.8Ag–0.7Cu solders, composite solders exhibit enhanced 





to failure, % reduction in area of the composite specimens considerably decreased. The 
increase in the strength of the nanocomposite solder specimens with the weight fraction 
of nanoparticulate addition, can be attributed to the critical reduction in the average 
size/morphology of the secondary phases as revealed by the microstructural analysis of 
the composite solder specimens. The observed enhancement in mechanical properties can 
be attributed to the effective load transfer between the solder matrix and the nano-
particulate additives.  
The plastic flow properties of Sn-Pb, and Sn-Ag-Cu based composite solders 
under strain rates from 10-5s-1 to 10-1s-1 at three different temperatures are reported. The 
role of nano-particle addition on the flow characteristics is investigated. 2% offset flow 
stress and the Hollomon parameters are observed to increase substantially with increasing 
strain rate, with the strain rate sensitivity at higher temperatures being greater. Empirical 
expressions capturing the strain rate and temperature dependence of the 2% offset flow 
stress and the Hollomon parameters within the range of the present test conditions are 
also obtained.  
Influence of aging treatment and strain rate on the deformation characteristics of 
Sn-Pb and Sn-Ag-Cu based composite solders were investigated. It was observed that the 
strain rate dependence of flow stress was stronger at higher aging durations for the pure 
Sn-Pb and Sn-Ag-Cu solders, but it was weaker for composite solders reinforced with 
nano-molybdenum. It was also found that the stress exponents decreased with increasing 







Isothermal low cycle fatigue behavior and mechanisms of crack initiation and 
propagation of Sn-Pb and Sn-Ag-Cu based novel nano-composite solders have been 
studied at room temperature for different strain ranges.  
Novel nanocomposite solder paste with varying weight fractions of nano-
copper/nickel/molybdenum was successfully synthesized. Properties of composite solder 
paste and handling methodologies are mentioned in detail. A diffusion analysis study 
focused on the interfacial reaction between newly developed novel nano-composite 
solders and electroless Ni-P during solid-state aging was carried out. The growth rate 
constants for these layers were measured as a function of temperature. Also, we have 
investigated the subsequent changes in the intermetallic compound layers. 
Reliability performance of nanocomposite solder paste bumps, in level 1 
interconnect assemblies were evaluated by mounting 20mm x 20mm flip chip packages 
with the nanocomposite solder joints and carrying out temperature cycling tests. 
Composite solder bumps were also subjected to thermal aging at 150 °C for different 
durations.  It was found that the bump shear strength decreased slightly for 
nanocomposite solders compared to pure Sn-Pb and Sn-Ag-Cu solders but their creep 
resistance and fatigue resistance were considerably improved. It was observed that Sn-
Pb+0.3Ni composite solder material is the most reliable one based on the characteristic 
life among all the Sn-Pb based composite solder samples. Sn-Pb solder mean-time-to-
failure improved by about 66% with 0.3 wt.% addition of nano-nickel reinforcement. Sn-
Ag-Cu composite solder doped with 0.3 wt.% of nano-molybdenum exhibited the highest 
MTTF of 3715 cycles, which is approximately 77% higher than that for the pure Sn-Ag-
Cu solder. 
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Rapid advances in modern microelectronics demand packages with higher I/O 
density and lower cost. In a microelectronic system, interconnects between IC and PCB 
substrate play an increasingly important role for functionality and reliability of the whole 
system. Reducing the interconnect pitch limits the use of conventional lead-tin solder 
material in interconnect technology due to its lower strength, excessive intermetallic 
growth and inferior fatigue life. Considering the low melting point of solders and its high 
atomic diffusivity at typical operating temperatures, electro-migration is an important 
reliability issue for solder failure. Therefore, materials with enhanced mechanical, 
electrical and thermal properties are required at this juncture to realize high performance 
microelectronic devices. Nano-interconnect technology is a viable solution to develop 
fine pitch interconnects. Composite solders strengthened with nano-particles proposed as 
novel solution for ultra fine pitch wafer level packaging applications due to their unique 
mechanical and electrical properties.  
 
1.2 Objectives and Scope of Study 
 
The overall focus of this study is on processing; structure, characterization of 
microstructure and mechanical and electrical properties of nano-composite solders; 
development of novel nanocomposite solder bumps for fine pitch bumping and reliability 
evaluation. Specifically the objectives are: 
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¾ To investigate the effect of nanoparticle addition on the mechanical and electrical 
properties of the nano-composite solders. 
¾ To measure the basic mechanical property data of composite solders for finite 
elemental analysis. 
¾ To measure the temperature dependent properties for both nano-composite bulk 
solder and solder joints. 
¾ To evaluate the durability of nano-composite solders at different load levels, 
different temperatures and different strain rates. 
¾ To characterize the fatigue behavior of nano- composite solders at different strain 
ranges. 
¾ To investigate solder metallization reactions (IMC characterization, IMC growth 
with time and temperature, effect of IMC layer thickness on the durability of the 
solder joints, and data on the wetting/solderability and surface tension). 
¾ To study the failure mechanisms affecting portable electronic products in typical 
use environments. 
¾ To establish the reliability of the nano-composite solder joints by conducting 
package and board level accelerated tests and studying the failure mechanisms 
1.3 Out line of the thesis 
Chapter 1 gives the introduction of the whole project, including the objectives, 
and outline of the project. 
Chapter 2 gives the background and literature review, which contains the 
background of electronics packaging and literature review of enhancing solder material 
properties by introducing additives. Literature reviews of other related topics are put in 
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the relevant chapters. The experimental design for this research is also discussed. Factors 
that are considered in this study are listed. 
Chapter 3 describes the experimental equipment and techniques used in this 
research for the processing of nano composite solders. This includes the bulk processing 
of nano-composite solders, specimen synthesis, sample preparation, and properties 
measurement. 
The main purpose of chapter 4 is to investigate the tensile deformation properties 
of the newly developed composite solder alloys under strain rates from 10-5s-1 to 10-1s-1 at 
three different temperatures, and subjected to deformation to compare the performance of 
solders in real working environments. In this study, the influence of temperature, and 
strain rate on the deformation characteristics, and the fracture mechanics of Sn-Pb, Sn-
Ag-Cu based composite solders were investigated. The test conditions cover the different 
temperatures and the strain rates, which are important for the evaluation of solder joint 
reliability.  
Chapter 5 describes the tensile deformation characteristics of the newly developed 
composite solder alloys aged at 150 ºC for different durations. Influence of aging 
treatment, and strain rate on the deformation characteristics, and the fracture mechanics 
of Sn-Pb, Sn-Ag-Cu based composite solders were investigated in this study.  
The objective of chapter 6 is to study the effect of nano-copper, nano-nickel, and 
nano-molybdenum particles on the Low cycle fatigue (LCF) behavior of Sn-Pb, Sn-Ag-
Cu based composite solders. Various LCF life prediction models are evaluated and 
mechanisms of LCF crack initiation, as well as LCF crack propagation, are proposed. 
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Chapter 7 focuses on the interfacial reaction between newly developed novel 
nano-composite solders and electroless Ni-P during solid-state aging. The growth rate 
constants for these layers were measured as a function of temperature. The subsequent 
changes in the Ni–P layers have also been investigated. 
Chapter 8 describes an evaluation of the reliability performance of nanocomposite 
solder paste bumps in level 1 interconnect assemblies. 
Chapter 9 draws the conclusions of the whole dissertation. Recommendations for 
future works are also provided. 
Appendix A describes a detailed study of nano-composite solder paste 
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Chapter 2 
Background and Literature review 
 
The evolution of microprocessors in the past two decades and a projection into the 
near foreseeable future show that microprocessor performance continues to match an almost 
self-fulfilling prophecy of Moore’s law [1].   According to Moore’s law the number of circuits 
on a silicon chip would double every year (later revised to every 1.5 years) as shown in Figure 
1.1 [1].  The reality of this “law” can be observed as technology has evolved from having 10 
transistors per integrated circuit (IC) in the 1960s to 100 million transistors per IC today.  If 
the trend of Moore’s law continues, 1 billion transistors will exist on a single IC with in 5 
years.  Similarly, the number of input/output (I/O) interconnects per IC will grow at the same 
rate. Rent’s rule (based on observation) captures this and predicts the I/O counts will approach 




Figure 2.1.  The graph shows the increase in number of transistors in Intel processor chip over 
the years as per Moore’s Law [1]. 
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2.1 Introduction to microelectronics packaging 
   As the real functional blocks, transistors constitute the “brain” of integrated circuits 
(IC). However, any IC device cannot work without proper packaging. Briefly speaking, the 
functions of IC packaging can be categorized as follows: 
¾ To provide electrical paths for off-chip communication with high efficiency and signal 
fidelity; 
¾ To facilitate thermal dissipation for proper operation of transistors and 
interconnections; 
¾ To provide mechanical support to IC dies for easy handling and transfer; 
¾ To protect functional ICs from external contamination and harsh environment. 
It can be noted from the description above that microelectronics packaging necessitates solid 
scientific understanding and hybrid technologies in different fields. As a result, concurrent 
engineering must be implemented during the whole development cycle of a certain product, 
i.e. from the initial design to final testing, to guarantee that the product meets all of the 
performance and cost targets. 
Conventional IC packaging can be divided into different hierarchies in terms of its 
integration level as shown in Figure 2.2 [3].  The hierarchy of interconnect levels is shown in 
Table 1. The 0-level interconnects are the metal traces that link each semiconductor 
component and form the integrated circuits (ICs) on the active side of a semiconductor chip. 
The first level interconnects are the connections between a semiconductor chip and the next-
level substrate in a microelectronic package.  On the first level, a piece of IC die is generally 
attached to a chip carrier, wire-bonded to a lead frame, and then encapsulated. On the second 
level, packaged chips are bonded to a printed circuit board (PCB) by either through-hole or 
surface mount technology.  Conductor traces on PCB work as communication paths between 
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different IC chips and other components.  On the third level, many PCBs are mounted on a 
motherboard through sockets or connectors.  Finally, motherboards are connected with each 
other to make the whole system.  
 
Figure 2.2 Hierarchy of Electronic Packaging [3]. 
Table 2.1 The Hierarchy of interconnection levels. 
 
Level 0: Gate-to-gate interconnect on a monolithic silicon IC chip 
Level 1: Packaging the IC chips onto chip carrier or next-level Substrate 
Level 2: Connecting the IC package to the printed circuit board (PWB) 
Level 3:  Connecting between PWBs.This may include PWB-to-PWB interconnections or 
card-to-mother board interconnections. 
Miniaturization of portable and hand-held electronic devices stimulated the need for 
packages of even smaller size than conventional BGA and CSP packages. A wafer-level 
package (WLP) is a chip-size package and the area that it occupies when mounted onto a 
system-level board is as small as the size of the IC chip itself. Consequently, WLP can be 
considered the ultimate IC packaging option. 
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A good illustration of the size benefits of WLP is shown in Figure 2.3 [4].  The 
relationship between the chip size and the assembled package for a 10mm square chip is 
shown in Figure 2.3.  It can be seen that a typical QFP (Quad Flat Pack) occupies an area of 
900 mm2 and a chip directly wire bonded onto a PWB by Chip-on-Board (COB) technology 
occupies 225 mm2 . In contrast, the WLP occupies the same are as the bare die: 100 mm2 . 
This obviously offers minimum size and weight for all products having size and/or weight 
constraints. 
Type                  Area
QFP                 900mm2                   100% 
TAB                 400mm2                   44% 
COB                 225mm2                   25% 
CSP                  115mm2              13% 
Flip Chip          100mm2                   11% 
Wafer Level Flip Chip or CSP 
Figure 2.3 Wafer Level packaging as the future trend [4]. 
2.2 Wafer level packaging technology  
  Wafer level packaging refers to a revolutionary packaging technology in which 
bumping, assembly, packaging, test and burn-in are all handled at the wafer level and 
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2.3 Controlled-Collapse Chip Connection (C4) Solder joint 
With the increase of I/O density, the layout of footprints in microelectronic package 
has changed gradually from the peripheral array to area array. C4 solder joints are the 1st-level 
interconnects used in the area-arrayed packages such as flip chip. A schematic picture of C4 
solder joint fabrication is shown in Figure 2.4 [5]. Before the deposition of solder material, an 
under bump metallization (UBM) layer is formed on the die pads. The UBM used serves as a 
barrier layer to prevent the diffusion of solder materials into the IC and should have a good 
wettability to solder. Next, solder material is deposited onto the die pads with UBM by means 
of electroplating or stencil printing. After the reflow process, the solder joints are formed 
between the die and substrate. Due to the large stiffness and relatively low yield point, the 
solder joints cannot deform elastically to accommodate the CTE mismatch between the die 
and substrate .An effective way to improve the reliability is to embed the solder joints in the 
underfill to relieve the stresses/strains. 
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2.4 Nano-composite Interconnects 
The future IC-package interconnect requires a technology that is low cost, reworkable, 
reliable and retains good electrical and mechanical properties. To accomplish the 
requirements of very fine pitch with conventional interconnects and materials, trade-off in 
electrical and mechanical performance and possibly cost has to be accepted. 
 A combination of reduced pitch, environmental concerns such as lead free products, 
mechanical stress concerns, electrical requirements (e.g. electro-migration) and cost 
constraints will drive the advancement of interconnect materials toward a new paradigm. This 
can be achieved by defining and exploring solutions beyond conventional solder bumps and 
compliant interconnects by way of interconnect innovations, combined with new designs. 
The traditional solder bump interconnect technology is not capable of satisfying the 
thermo-mechanical reliability requirements at very fine pitches of the order of 30 microns and 
less because of the poor mechanical properties of solders. If the current solder bump 
technology is reduced by a factor of 10 for fine pitch interconnect applications, the 
mechanical reliability of interconnects will be severely affected. Applying underfill is one 
possible solution; underfill application can effectively reduce the thermal stresses at the solder 
bumps and thus improve package reliability. However, underfill technology is costly and 
underfill dispensing becomes increasingly difficult with the smaller heights required for future 
interconnects. Underfill usage can result in the deformation of package, leading to large 
peeling stresses at the die underfill and die solder interfaces which considerably impact the 
reliability of the package. 
Compliant interconnects are widely being employed for improving the mechanical 
reliability of interconnects [6-14]. However, the electrical performance is severely impeded 
with compliant interconnects due to increased inductance and resistance. In other words, 
mechanical requirements demand a lengthier interconnect design, which comes at a price of 
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higher inductance and resistance. Electrical and mechanical requirements cannot be 
simultaneously met with existing interconnect materials and high CTE packaging substrate.
 Interconnects with lower stiffness can endure the displacement caused by the CTE 
mismatch without inducing large stresses. These interconnects can deform elastically in 
response to thermal or mechanical stresses, thereby potentially increasing the reliability of 
assembled wafer level packages. The design of low-cost, environmental friendly, yet short 
interconnects is of critical importance in optimizing their electrical and mechanical 
characteristics. These characteristics are basically linked and depend on the geometry of the 
structures and the properties of the materials employed. The stresses in the nano-
interconnects can be further lowered by exploiting the Si-matched CTE (2-5 ppm) [15] 
boards as shown in Figure 2.5, leading to mechanically symmetrical structures on both sides 





Figure 2.5 Nano-interconnects with low CTE (2-4 ppm) boards that show symmetric thermal 
displacements on the chip and board side of the interconnects. 
 
Nano-composite interconnects can be proposed as the new interconnect paradigm for 
highest electrical performance, reliability and low-cost, where there is no trading off one for 
the other. In this approach, high speed arises from smallest interconnects with the best 
electrical properties. The mechanical integrity and reliability are derived from the improved 
strength and fatigue resistance of nano-composite interconnects. Nano-wafer level packaging 




Cu-Low K/RF, optical 
FR-4 Board Low CTE, High E 
3ppm 
2-5ppm 
Today Year 2020 
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300 mm wafer with thousands and possibly millions of interconnections. These connections 
are also expected to be used to test and burn-in at the wafer level and at high speed. These 
connections are proposed to be integrated with the back-end fabrication with Copper/Low-K 
process technology. Nano-scale interconnects can offer these benefits as well as lower the 
pitch along with improved electrical and mechanical performance to accommodate any future 
system demands. In this study, the performance of nano-composite solders will be evaluated. 
 
2.5 Composite solders literature                                                      
For surface mount technology, solders having improved mechanical properties are 
required for applications that demand not only reliability but also necessitate dimensional 
stability. The composite solder approach is to engineer and stabilize a fine grained 
microstructure, and to homogenize the solder joint deformation, so as to improve the 
mechanical properties of the solder joint, especially creep and thermomechanical fatigue 
resistance. Also, the added reinforcements do not increase the melting point of the solder 
matrix, but may effectively increase the service temperature of the base solder materials by 
improving the creep or thermomechanical properties. 
2.5.1 Composite solders 
These solders are engineered or produced by careful addition of reinforcement 
particles to conventional solder alloys [16-17]. A variety of particle reinforcements have been 
tried in an attempt to engineer composite solders. A large majority of the reinforcements are 
either pure metallic or intermetallic compounds. 
2.5.2. Prior studies of composite solders 
  Several efforts have been made to improve the comprehensive properties of lead-
bearing solders using the composite approach [18-25]. Microstructural analysis as well as 
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mechanical testing of such composite solders has been reported. Certain composite solders did 
show improved mechanical properties sought by electronic/automobile industries. 
Researchers at the International Business Machine Company (IBM) developed 
composite solders by blending together either molybdenum (average size 200 mesh) or 
tantalum powders (average size 200 mesh) with lead (50%)-/tin (50%) solder powder mixture. 
The resultant composite solder revealed increased bonding strength with the metal substrate 
[26]. 
  Marshall et al. [18-21] have carried out studies in micro-characterization of composite 
solders. Their composite solders were primarily prepared by mixing Cu6Sn5  (10,20,30 wt%), 
Cu3Sn (10,20,30 wt%), Cu (7.6 wt%), Ag (4 wt%), or Ni (4 wt%) particles with the eutectic 
63Sn-37Pb solder paste. The microstructure features of these bulk composite solder 
specimens showed Cu-Sn, Ag-Sn and Ni-Sn intermetallics were developed in the composite 
solders around Cu, Ag and Ni particles, respectively. 
 Intermetallic formation at the solder/copper interface was studied for the above 
composite solder samples aged at 140ºC for 0 to 16 days, as reported by Pinizzotto et.al [22]. 
Intermetallic formation near the Cu substrate was greatly affected by these particle additions. 
Ag and Au retarded and Ni suppressed the formation of Cu3Sn and enhanced the growth of 
Cu6Sn5 as compared to pure solder with the Cu substrate. Addition of Cu-containing particles 
to the solder results in the decrease of both the Cu6Sn5 and Cu3Sn interface intermetallic 
thickness relative to the pure solder. This effect was believed to be due to the particles acting 
as Sn sinks. Similar studies were carried out by Wu et.al with an aging temperature of 110ºC 
to 160 ºC for 0 to 64 days [23]. The Cu-containing reinforcements resulted in increased 
activation energies for Cu6Sn5 formation and decreased activation energies for Cu3Sn 
formation as compared to pure solder.  
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 Dispersion strengthened in-situ composite solders of Sn-Pb-Ni and Sn-Pb-Cu alloys 
containing 0.1-1.0µm dispersoids/reinforcements were produced by induction melting and 
inert gas atomization by Sastry et al. [24]. They found that, upon reflow of the solder 
specimens, the fine spherical dispersoids in rapidly-solidified Sn-Pb-Cu alloys coarsen to 
greater than 1µm platelets. However, the dispersoids in Sn-Pb-Ni alloys remain spherical and 
remain stable with a size of less than 1 µm. The difference in stability of dispersoids in Cu-
and Ni-containing solders was explained on the basis of the difference in solubilities and 
diffusitivities of Cu and Ni in the Sn-Pb matrix. These composite solders showed an increase 
of 25-180% in yield stress and 20-80% in the elastic modulus compared to eutectic Sn-37Pb 
solder. 
Reno and Panunto [25] also analyzed the phases and relative amounts of sub-micron 
dispersoid particles within bulk dispersion-strengthened composite solder powder mixture. 
They found that for additions up to 7.5 wt. % Cu to the eutectic melt, all of the copper was 
converted to the intermetallic compound Cu6Sn5. 
Another type of dispersion strengthened composite solder was formulated by Betrabet 
et al. [26] by adding 2.2wt% of Ni3Sn4  intermetallic particles into the Sn-40Pb solder matrix. 
The presence of Ni3Sn4 dispersoids resulted in a smaller grain size in the as-cast 
microstructure and after aging at 100ºC for 29 hours. Their subsequent study of 60Sn-40Pb 
solder reinforced with Cu9NiSn3 intermetallic particles showed an increase of the strain to 
failure in shear by 40% while the ultimate shear strength essentially remained unchanged [27]. 
They claimed this to be an indication of improved fatigued resistance because it was believed 
that fine, uniformly dispersed phases would stabilize microstructures by pinning grain 
boundary dislocations and by restricting grain boundary motion. 
 Mavoori and Jin [28] prepared, composite solders by mixing of 3 volume % of 10nm 
sized Al203 powders and 3 volume % of 5nm sized TiO2 powders with 35µm sized eutectic 
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63Sn-37Pb solder powder. Nanosized, non-reacting, non-coarsening oxide particles formed 
uniform coatings of solder after repeated plastic deformation. A decrease of three orders of 
magnitude in the steady state creep rate was achieved by this method. Such a composite solder 
was found to be much more creep resistant than their control sample, the eutectic 20Sn-80Au 
solder. There is a great potential for it to replace the conventional high melting point (278 ºC) 
20Sn-80Au solder in applications such as optical or optoelectronics packaging. 
 Clough et al. [29] reported that, with properly controlled porosity, Cu6Sn5 particle 
reinforced eutectic Sn-37Pb solders exhibited twice the yield strength without significant loss 
in ductility. It was also shown in their study that the creep rate of the composite solder was 
nearly an order of magnitude less than that of unreinforced solder. The boundary layer 
fracture behavior was studied using single shear lap specimens using the same composite 
solder. The specimens failed as shear fracture ran in from opposite edges about 10µm inside 
of the interfaces. These boundary layer fractures were characterized and a fracture model was 
developed. Composite strengthening was shown to significantly improve the ductility, creep 
life and properties associated with improved reliability and creep-fatigued life [30]. 
   The effects of phase additions on the microstructure, wettability and other mechanical 
properties of the composite solder have also been reported in other studies [31-32] .In general, 
composite solders tend to render improved properties .All the reported investigations were 
basically exploder in nature, and the extent of improvement must be weighed against 
environmental and economic factors before widespread adoption can be realized. However, 
studies on lead-free Sn-Ag based composite solders have only recently received attention.  
2.5.3 Important considerations for the selection of reinforcements 
 Reinforcements added to the solder matrix should satisfy certain conditions for 
enhancing the solder performance [33]. Such conditions include: 
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(1) The reinforcing phases should bond the solder matrix, and the bonding could be weak or 
strong depending on the need for specific considerations. 
(2) The reinforcements must have acceptable solubility in molten solder under normal 
reflow temperatures so as to maintain the stability of the reinforcements during reflow or 
aging. 
(3) The density of the reinforcement should be close to that of solder matrix, so that a 
uniform distribution of the reinforced phase could be promoted 
(4) The size of the reinforcing phases should be optimal in order to stabilize the 
microstructure. It has been found that the reinforcement particles of ~1µm or smaller 
tend to stabilize the microstructure [34]. 
(5) The particles should not be prone to significant coarsening due to high interfacial 
energies or fine particles during service. 
(6) The reinforcements should not significantly alter the processing temperature 
(7) The reinforcements should not alter the solderability by changing the wetting 
characteristics with the substrate. 
 Two possible ways to introduce the desired reinforcements to the solder matrix are the 
in-situ method and the mechanical mixing method. The in-situ method refers to the technique 
by which reinforcing phases, such as Cu6Sn5 or Ni3Sn4 intermetallic particles, are readily 
formed upon processing the bulk solder. The mechanical mixing method is more related to 
extrinsically adding reinforcement particles into the solder matrix (usually solder paste, 
sometimes molten solder). In the latter, composite solder paste is usually prepared by 
mechanically blending the mixture for a certain length of time to achieve uniform distribution 
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2.5.4 Microstructructural/interfacial aspects of lead-free composite solders 
       Subramanian et al. [34] have reported the microstructural evolution in the Cu6Sn5 –
particle-reinforced eutectic Sn-3.5Ag based composite solders made using the in-situ 
method. The effect of the intermetallic interfacial layer between the solder and substrate was 
studied by carrying out aging studies ranging from a few hours to a few thousand hours. The 
composite solder showed lower activation energy but a slower growth rate [35-36] when 
comparing the coarsening kinetics between the composite and the non-composite eutectic 
Sn-3.5Ag solder. The intentionally added Cu6Sn5 particles showed coarsening after several 
thousand hours of long-term aging. 
2.5.5 Resultant properties of lead-free composite solder 
Certain composite solders have exhibited enhanced strength and other desired 
properties sought by the electronics industry. McComarck et al. [37] have developed 
composite solders by adding 2.5 wt% of ~2µm magnetic Fe powders into pure Sn and eutectic 
Sn-Bi solder. The idea of adding Fe powders lies in the fact that Fe has low solubility and 
diffusivity in Sn-based solder and thus is impervious to coarsening. Eutectic Sn-Bi composite 
solder reinforced with Fe particles exhibited 10% higher tensile strength and 5 times 
improvement in creep resistance under similar conditions. 
         Subramanian et al. [34] conducted creep tests with unaged and aged; non-composite 
and composite solder joints with various loads at several temperatures. The composite solder 
reinforced in-situ with 20 volume % of Cu6Sn5 particles has about two or three orders of 
magnitude better creep resistance compared to non-composite solder at room temperature and 
lower strain-rates. 
 The isothermal mechanical fatigue fracture behavior of the composite solder 
containing 20% Cu6Sn5 was reported by Gibson et al. [38] and compared with that of non-
composite solder. The fracture surface of the composite eutectic 96.5Sn-3.5Ag solder 
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containing 20% Cu6Sn5 exhibited cleavage of the Cu6Sn5 particulate reinforcement and 
ductile, Mode I fracture of the eutectic matrix with no single origin of initiation corresponding 
to homogeneous ductile fracture. Meanwhile, the fracture surface of non-composite eutectic 
Sn-3.5Ag solder joints exhibited ductile, mixed mode (I and II) fracture behavior and step-like 
fatigue striations that originated at a local region. 
 It was shown that the in-situ composite solder increases the ductility of the solder 
matrix without increasing the strength significantly. Similar results were also reported by 
Betrabet et al. for their Sn-Pb based composite solder [39-40]. It is believed that the Cu6Sn5 
reinforcements create heterogeneities in the strain sites for inhibiting deformation and thus 
promote homogeneous deformation.  Therefore, an increased ductility was achieved in the in-
situ Cu6Sn5 reinforced composite solder. 
2.5.6 Rare earth reinforced composite solders 
C.M.L.Wu et al. [41-52] have found that with the addition of the rare earth (RE) 
elements, the microstructures of all the Pb-free solders become more uniform than their 
respective microstructures without the addition of RE elements. This phenomenon was found 
in Sn-Zn, Sn-Cu, Sn-Ag, Sn-Bi-Ag, Sn-Ag-Cu as well as Sn-Pb alloys. For example, with the 
addition of 0.25% RE elements of mainly cerium (Ce) and lanthanum (La), the coarse b-Sn 
grains were refined [53]. In addition, the width of the eutectic colonies became much thinner. 
It is known that the standard Gibbs free energy of formation for Sn–RE intermetallic 
compounds is lower than those for Cu–RE and Ag–RE. So the RE elements have a higher 
affinity for Sn, and this explains their effectiveness in the refinement of the Sn-rich 
microstructure. 
The results of tensile tests on SnCu, SnCu–0.5RE, SnAg, SnAg–0.5RE, SnZn and 
SnZn-0.5RE Pb-free solder alloys revealed that all the tensile strengths were improved by RE 
additions The effect of the RE element additions on tensile properties of other solders such as 
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SnAg and SnZn was similar to that of the SnCu alloy, but with a substantial increase in 
strength [54]. In particular, the increases in UTS for the SnCu, SnAg and SnZn were about 23, 
15 and 18%, respectively [41-43]. The improvement in creep behavior was also found in the 
SnCu alloy by adding Ce and La RE elements.  
The Sn-Pb, Sn-Ag, Sn-Ag–0.25RE, Sn-Ag–0.5RE, Sn-Cu, Sn-Cu–0.5RE, Sn-Ag-Cu, 
Sn-Ag-Cu–0.05RE, Sn-Ag-Cu–0.1RE and Sn-Ag-Cu–0.25RE, in which the RE elements are 
mainly Ce and La, could all be soldered successfully using the rosin mildly activated (RMA) 
flux [48-52]. The SnZn solder, with or without the addition of RE elements of mainly Ce and 
La, could only be soldered using the rosin activated (RA) flux [55]. The SnPb alloy gave the 
best wetting performance. The SnAg, SnCu and SnAgCu alloys had worse wetting behavior 
than SnPb, but would perform adequately when soldering onto Cu. The SnZn alloy had the 
worst wettability with Cu. The addition of RE elements helped to reduce the wetting angle. 
For example, the alloys with their corresponding best wetting performance were SnAg–
0.25RE (250 °C), SnCu–0.5RE (260 °C), SnAgCu–0.1RE (250 °C) and SnZn–0.05RE (260 
°C) [56]. It has been reported in [57] that a small amount of RE element, La, added to Sn–
40Pb solder would reduce the driving force for Cu–Sn IMC formation on Cu substrates.  
Consequently, the Cu6Sn5 intermetallic layer (IML) was reduced in thickness. It is 
reasonable to believe that a similar effect may occur when RE elements are added to a Pb-free 
solder system. SnAg–0.25RE and SnAg–0.5RE alloys had smaller thicknesses compared with 
the SnAg alloy. The total layer thickness of the SnAg–0.5RE alloy was also least among the 
SnAg–RE solders. The reduction of the intermetallic thickness of Pb-free solders with RE 
addition is attributable to the fact that RE reacts with Sn at the interface between solder and 
the Cu6Sn5 IML. These Sn–RE compounds are very fine in size and can only be observed and 
accumulated under a slow cooling solidification. Tu et al. [58-59] pointed out that Cu is the 
dominant species in forming Cu6Sn5 IML by marker displacement. This means that the Cu–Sn 
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IMC is formed by the transport of Cu atoms across the Cu6Sn5 IMC. The reaction between Sn 
and Cu takes place at the Cu6Sn5 and Sn interface.  
Since the activity of Sn at the interface of Cu6Sn5-solder is lowered by Sn–RE 
compound formation, lowering the activity of Sn will subsequently depress the growth of the 
Cu6Sn5 intermetallic layer upon aging. 
2.5.7 Nano-particle reinforced composite solders 
Lin et al. [60] have studied the influence of nano-particle addition on the solidification 
kinetics and microstructure development in Sn-Pb solder. Microstructural characterization of 
the solidified composite solders showed a reduction in both the grain size and spacing of the 
eutectic lamellae in their work. They observed an increase in hardness values of the composite 
solder due to the nano-particle addition to the solder. Lin et al. [60] have studied the 
microstructural development and hardness of Sn-Pb solder with the addition of nano-sized 
TiO2 powders. The enhanced hardness behavior of eutectic Sn-Pb is reported in their work 
when adding 2 wt percent of TiO2.  They identified micro porosity and the presence of second 
phase particles in the grain boundary regions.  Lin et al. [61] studied the lead free eutectic 
solder (Sn-3.5Ag) with the addition of trace amounts of nano-sized particles such as Cu, Ni, 
and Fe. They have shown that the nano-particles could alter the kinetics of solidification of 
the composite solder paste while it concurrently exerts influence on the microstructure 
development, especially the formation and presence of secondary phases in the solidified end 
product. The increase in micro hardness of the Sn-3.5Ag solder with trace addition of Cu, Ni, 
and Fe was observed in their work. Addition of Fe nano-powders to the Sn-3.5Ag resulted in 
morphological changes of the eutectic structure with an absence of noticeable island Sn 
dominant phase and a scarce distribution of the Ag3Sn needles.  Fe-Sn IMC is observed in the 
composite (Sn-3.5Ag) microstructure. Although a few studies on composite solders have been 
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reported in the literature, the influence of nano-particle addition on the performance of 
composite solders has not been subjected to detailed study so far.  
Therefore, the present work is focused on the study of the microstructural morphology 
and mechanical properties of composite Sn-Pb and Sn-Ag-Cu solder alloys which have been 
reinforced with various weight proportions of nano-powders such as Cu, Ni, and Mo. It will 
recommend the desired weight percent of nano-powders for enhancing the mechanical 
properties of the Pb-free solders.  
2.5.8 Nano-structured or Nano-crystalline materials 
Reducing the microstructure feature to the nanometer length scale provides a venue for 
interesting mechanical and physical properties, e.g. increased mechanical strength, toughness, 
thermomechanical fatigue, enhanced diffusivity, higher specific heat and electrical resistivity 
compared to conventional coarse-grained counterparts [62]. 
The unique properties of nanocrystalline materials can be attributed to the presence of 
a large number of grain boundaries compared to coarse-grained polycrystalline counterparts. 
In nanocrystalline solids, a large fraction of atoms (up to 49%) are boundary atoms. Thus the 
interface structure plays an important role in determining the physical and mechanical 
properties of nanocrystalline materials. Huang et al. [63] reported that nanocrystalline copper 
has a much higher resistivity and a larger temperature dependence of the resistivity than bulk 
copper. They attributed this effect to the grain-boundary enhanced scattering of electrons.  
2.5.8.1 Structure of nano-materials 
 The most important characteristic of nano-particles is their very high surface-to-
volume ratio, i.e. large fractions of surface atoms. Thus, large fractions of surface atoms 
together with ultra-fine size and shape effects make nano-particles exhibit distinctly different 
properties from the bulk. The critical role of the size of nano-particles in physical properties 
has been demonstrated experimentally in melting temperature by Reifenberger and coworkers 
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[64]. For example, Figure 2.6 shows the typical relation between the particle size and melting 
point of gold particles. Apparently, the melting temperature of gold reduces dramatically from 
1063 to 300ºC for nano particles whose size is less than 5nm. 
The ultra-fine grain sizes and interface boundaries control the properties of bulk 
nanocrystalline materials. Small grain size in nanocrystalline materials produces large 
interfacial regions per unit volume as expected.  
 
 
Figure 2.6.  Relation between the melting point and the size of nano-gold particles [64]. 
 
Grain growth is a crucial aspect of the thermal stability of nanocrystaline solids. 
Nanocrystalline materials are thermodynamically unstable owing to the presence of a large 
fraction of interface boundaries. Nano materials have a great tendency to transform into 
conventional coarser-grained materials with fewer interfaces. Therefore, stabilization of the 
nanocrystalline grain structure is of critical importance for retaining their unique structures 
and properties. For conventional polycrystalline materials, the grain growth results from the 
reduction of free energy of the system by decreasing the total grain boundary energy. In the 
case of nanocrystalline materials, the mechanisms that are responsible for the enhanced 
thermal stability against grain growth are: 
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¾ solute drag,  
¾ grain boundary segregation,  
¾ Zener pinning by secondary phases  
¾ Chemical ordering  
2.6 Proposed research for doctoral studies 
As stated earlier, rapid advances in modern microelectronics demand packages with 
higher I/O density and lower cost. In a microelectronics system, interconnects between IC and 
PCB substrate plays an increasingly important role for functionality and reliability of the 
whole system. This project, as a part of the Temasek Project in Nano Wafer Level Packaging 
(NWLP), is to design, fabricate and evaluate some novel interconnects at the wafer level. 
Reducing the interconnect pitch limits the use of conventional lead-tin solder material 
in interconnect technology due to its lower strength, excessive intermetallic growth and 
inferior fatigue life. Considering the low melting point solders and its high atomic diffusivity 
at operating temperature, electro-migration (EM) is an important reliability issue. In a fine 
pitch solder bump interconnect; the bump current density is approaching the 104 A/cm2 level, 
where electro-migration (EM) poses significant challenges.  Therefore, the materials with 
enhanced mechanical, electrical and thermal properties are required at this juncture to realize 
the high performance microelectronic devices. Nano-interconnect technology is a viable 
solution to the development of fine pitch interconnects.  
Interconnections with the nano-particle-strengthened solders and nano-structured 
materials are proposed as novel solutions in the ultra fine pitch level packaging applications 
due to their unique mechanical and electrical properties.  
In the proposed nano-particle-reinforced solder approach, nano-particles are mixed 
with the solder paste or with the type 6 (5-15μm size) and type 7 ( 2-11μm size ) solder 
powders to make a solder formulation which can give higher strength and higher fatigue life, 
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lowering the excessive intermetallic formation and to withstand higher electro-migration 
challenges at very fine pitches. This particular solder formulation will be used for fine pitch 
bumping, and the fatigue, high temperature performance, diffusion characteristics of the 
package will be evaluated. 
In this research study, commercially available solder materials will taken and mixed 
with nano-particles such as Copper, Nickel and Molybdenum to form a matrix of reinforced 
solder. The research study under this approach has the following key features: 
1) Processing, characterization, and mechanical testing of nano-composite solders 
         The following systematic studies on nano-composite solders have been               
planned. 
¾ Development of nano-particle reinforced composite solders 
¾ Mechanical characterization 
¾ Electrical characterization 
¾ Diffusion studies 
¾ Wetting performance studies 
¾ Melting characteristics 
    2) Fine pitch bumping 
a) Bumping using very fine solder particles for the fine pitch application. 
b) Bumping using the nano-particle reinforced solder paste for 500 and 200 
micron pitches. 
    3) Reliability studies of nano-composite solders 
a) Fatigue performance of novel nano-composite solders. 
b) High temperature mechanical properties of the composite bulk solders. 
c) Composite solder joint reliability. 
 






Processing, Physical and Mechanical Properties of Novel Nano-
particle reinforced  Solders 
 
3.1 Introduction 
In order to manufacture the nano-particle-reinforced composite solders, a few 
approaches are studied and based on the appropriateness of the application; Metal Casting 
and Powder Metallurgy are considered. The merits and demerits of the two approaches 
are investigated and subsequently a suitable method was chosen. 
In the metal casting process molten metal is poured into a cavity or mold. When the 
melt cools and solidifies, it takes the characteristic shape of the mold. Metal casting is 
primarily carried out for either ingot casting or casting to shape. Ingot castings are 
primarily produced by pouring molten metal into a permanent or reusable mold.  Then, 
the ingots are mechanically shaped and processed into the desired form. When casting to 
shape is used the cavity is designed according to the final desired shape of the casting. 
The molten metal is poured into the molds and cooled to solidification followed by heat 
treatment and machining or welding, depending upon the specific application.  The 
process for metal casting, however, needs to be designed considering the following 
defects [65]. 
• Non-uniform physical and mechanical properties 
• Shrinkage – Cavity arising due to lack of riser system  
• Porosity - due to localized solidification shrinkage  
• Uneven surface finishing – microscopic asperities in the compacting of the mold 





• Gases dissolved in metal, leads to “blows” - due to splattered globules of metal 
during pouring  
• Hot tears - due prevention of contraction by the die 
• Non-uniform microstructure 
 A number of factors play a decisive role in controlling final structure,  
mechanical and physical properties of the final casting [65]. These include pouring 
temperature, alloy content, mode of solidification, gas evolution and segregation of 
alloying elements. The pouring temperatures typically employed are selected between 
60–170°C of an alloy's melting point. Exceedingly high pouring temperatures can 
result in excessive mold metal reactions or in several defects discussed above. 
Advantages of Metal Casting:  
• Adaptable to intricate shapes  
• It can be used to manufacture varied sizes of products 
• The mold can be designed for mass production 
• Casting process can be performed on any metal that can be heated to the liquid 
state.  
Disadvantages of Metal Casting  
• Limitation on mechanical properties  
• Porosity (empty spaces within the metal - reduces the strength of the metal)  
• Poor dimensional accuracy and surface finish  
• Safety hazards to humans and environmental problems  
• Removal of the patterns of the thin and small parts is very difficult  





Powder metallurgy is a highly evolved manufacturing technique. The components are 
manufactured by blending elemental or pre-alloyed powders together, compacting this 
blend in a die, and sintering the pressed part in an environmentally-controlled furnace to 
bond the particles metallurgically [66]. The powder metallurgy process, thought to be a 
bit expensive, is preferred over the casting process because of its advantages, which 
include processing capabilities such as fabrication of non-equilibrium composites, 
homogenous dispersion of nano-sized metallic, inter metallic particles in the solder 
matrix. In short, the casting technique is a sort of top-down approach whereas the powder 
metallurgy route is a bottom-up approach. The powder metallurgy approach provides 
greater control over the size and distribution of nano-particles in the system [66].  
When the metal casting technique is applied to the fabrication of nano-particle- 
reinforced solder, subsequent solidifications produce coarser inter-metallic particles. The 
effect of coarser intermetallics on the mechanical properties of the solders has been  
widely discussed in the literature [49]. It has been established that the micron-sized 
intermetallic particles could deteriorate the mechanical properties of the composite 
solders. The main focus of this study is to incorporate fine intermetallic particles in the 
solder matrix and investigate the effect of their presence on the mechanical properties of 
the solder matrix.  
Advantages of the use of powder metallurgy can be listed as follows: 
• A combination of metallic and non-metallic powdered parts can be manufactured 
• High dimensional accuracy is achieved 
• Fine surface finish is achieved 
• Few or no secondary operations 





• High metal utilization from low levels of “in process scrap” 
• Homogeneous powder, and hence part, chemical composition due to absence of 
gross solidification segregation and uniform pre-alloyed composition 
• Non-equilibrium compositions possible i.e., Sn-Pb solder powders can be 
reinforced with nano-molybdenum particles. 
• Resultant metallurgical structures are usually fine and isotropic 
Limitations of Powder Metallurgy Process: 
• Expensive raw materials 
• Powder Metallurgy is not economical for small-scale production 
From the above study it was found that dispersion of fine intermetallic particles in 
the solder matrix only could be achieved by powder metallurgy. Moreover, the dispersion 
of the nano-sized Molybdenum particles in solder matrix is not possible by metal casting, 
because of diverse densities, and melting points. 
3.2 Phase diagrams 
 A phase diagram is the graphical representation of the combinations of 
temperature, pressure, composition, or other variables for which specific phases exist at 
equilibrium. A phase diagram shows what phases exist at equilibrium and what phase 
transformations we can expect when we change one of the parameters of the systems 
such as temperature, pressure or composition. With the aid of phase diagrams one can 
understand the behavior of a system which may contain more than one component. 
Multicomponent phase diagrams show the conditions for the formation of new 
compounds. Phase diagrams of Sn-Pb and Sn-Ag-Cu are shown in Figures 3.1 and 3.2, 
respectively. Copper and nickel in elemental form reacts with Sn to form intermetallic 





particles such as Cu6Sn5 and Ni3Sn4. Such phase diagrams involving Sn, Pd, Cu and Ni 
are shown in Figures 3.3 to 3.8. 
 
 






Figure 3.2  Sn-Ag-Cu phase diagram [68] 
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Figure 3.4 Sn-Pb-Ni  phase diagram [70] 
















Figure 3.6  Sn-Ag-Ni  phase diagram [71] 












Figure  3.8 Ni-Sn phase diagram [72] 
 
 






3.3 Processing of nanocomposite solders 
Characteristics of the starting powders used in the present investigation are 
reported in Table 3.1. The micrographs of starting powders are shown in Figure 3.9. 
 The solder powders and nano-particles (Nano-Cu, Nano-Ni, Nano-Mo and 
SWCNTs) were weighed to the approximate (±0.0001g) weight % ratio. Different 
compositions were prepared with varying particulate content ranging from 0.01 to 2 wt%. 
The pre-weighed nano-particles and solder powders were blended homogeneously using 
a V-cone blender operated at a speed of 50 rpm. However, V-cone blending will not yield 
uniform mixing. Therefore, the blended composite solder powders were subjected to ball 
milling 
Table 3.1 Starting powders used in present investigation. 
 
Powder                Source Grade Particle size Purity 
63Sn-37Pb Welco Gmbh, Germany Type 7 2-11 µm 99.9% 
Sn-3.8Ag-0.7Cu Welco Gmbh, Germany Type 7 2-11 µm 99.9% 
Nano-Copper Nanomaterials Inc, USA  30-50 nm 99.8% 
Nano-Nickel Nanomaterials Inc, USA  30-50 nm 99.8% 
Nano-Molybdenum Nanomaterials Inc, USA  30-50 nm 99.8% 
SWCNT Department of Physics, 
National University of 
Singapore 
 10-20 nm in dia. 
and lengths 
between 5 and 10 
µm 
98% 
Solder powder shows a high tendency of cold-welding during the milling process. 
For this reason prior to the final milling procedure the powder mixtures were pre-milled 
for 2 h at a lower velocity of 40 rpm to distribute the nano-particles very homogeneously 
between the solder particles. 










   100nm 
Figure 3.9 Starting materials: (a) 63Sn-37Pb solder, (b) Sn-3.8Ag-0.7Cu solder, (c) 
Nano-Copper, (d) Nano-Nickel, (e) Nano Molybdenum, and (f) SWCNTs. 
 
 
The powder was first degassed and dried under vacuum at 520 K for 7 h. Any 
subsequent manipulation was carried out in a stainless steel glove box filled with argon. 





The system was capable of removing O2 and H2O to levels less than 1 ppm by a 
combination of molecular sieve and copper catalyst. Ball milling was carried out using a 
(Fristch and Restch, Germany) planetary mill. In general, ball (mechanical) milling 
includes loading the powder particles (with larger grains) along with the grinding 
medium in a vial and subjecting them to grinding (severe plastic deformation). During 
this process, powder particles are repeatedly flattened, cold welded, fractured and re-
welded, resulting in a final powder (or small clusters) with reduced grain size [73]. The 
degassed powder and hardened steel balls (12.5 mm in diameter) were placed in 0.5-L 
steel containers and sealed inside the glove box. Small amounts of stearic acid 
(CH3(CH2)16COOH) were added to the powder to serve as the process control agent 
(PCA) during the milling process. It has been shown that the powder particles get cold 
welded to one another, and to the milling medium. This is due to the heavy plastic 
deformation that they undergo during milling. PCAs act as surface-active agents which 
adsorb on the surface of powder particles and reduce the effect of excessive cold welding, 
and inhibit powder agglomeration [74]. The ball-to-powder ratio (BPR) was 10:1. The 
milling containers were sealed inside the glove box and never opened until the end of the 
milling process. The speed of the mill was set to 120 rpm. The milling was carried out at 
room temperature. However, in order to avoid significant temperature rise, 15 minutes of 
milling was alternated with 15 minutes of cooling through the built-in fans of the system. 
The milling was carried out for 5 hours. After selected milling intervals, the process was 
stopped and the milled powder was collected for further processing.  
 
 





3.4 Consolidation of the milled powder 
In order to exploit the unique properties of nanocomposite solder powders, the 
particles of reduced grain size have to be consolidated into samples with certain 
properties, geometry and size suitable for mechanical testing. The goal is to achieve 
samples with minimum porosity (fully dense) and minimal microstructural coarsening 
[75]. To achieve this, the prepared powder was removed from the container inside the 
glove box and loaded into a hollow cylindrical die having an inner diameter of 35mm. A 
cylindrical split die was designed, which allowed the easy removal of the specimen from 
the die after consolidation by plungers from the top and the bottom. The inner surfaces of 
the cylindrical split inserts were lubricated using a graphite spray to reduce the effect of 
friction during the consolidation process.  
The milled powders of Sn-Pb and Sn-Ag-Cu based composite solders were 
uniaxially compacted at room temperature under a pressure of 110 bars and 120 bars, 
respectively. The size of the as-compacted samples was 35 mm in diameter and 50 mm in 
height. The as-compacted bulk samples were then sintered at different temperatures for 
different durations in a pure argon atmosphere. Sn-Pb based composite solder compacts 
were sintered at 150°C for 3 hours, where as Sn-Ag-Cu based composite solder compacts 
were sintered at 170°C for 3.5 hours. The sintered compacts were finally extruded at 










3.5 Density measurement 
The bulk density (ρ) of composite powders with different weight fraction of nano-
particles was measured in accordance with the standard Hall method (ASTM B417) on 
three randomly selected polished samples of composite solders taken from the extruded 
rods. Distilled water was used as the immersion fluid. The samples were weighed using 
an electronic balance, with an accuracy of ±0.0001 g. 
 
3.6 Scanning electron microscopy 
 Samples were cut from the extruded solder bars with a diamond saw, and 
mechanically polished with diamond pastes after cutting, finishing with 0.02 µm grade. 
Microstructural observations were performed by scanning electron microscopy using a 
Hitachi FE-SEM 4100 operated at 10 kV. The elemental analysis of the phases was 
carried out using energy-dispersive X-ray spectroscopy (EDX) equipped with FE-SEM. 
The morphology and structure of composite solders were characterized by a JEM-2010 
transmission electron microscope (TEM) operated at 200 kV. 
 
3.7 Thermomechanical analysis (TMA) 
The linear thermal expansion coefficient of composite solders was measured 
using a Perkin-Elmer TMA-7 thermal mechanical analyzer operated in expansion mode. 
Cylindrical samples of diameter 7 mm were employed. TMA data were obtained in the 
heating range of 25°C to 125°C in the case of Sn-Pb composite solders, while a 25°C to 
150°C heating range was employed for the Sn-Ag-Cu composite solders at a rate of 
5°C/min. All TMA experiments were performed with a small loading force of 5 g to 





avoid deformation of the samples during testing. The coefficient of thermal expansion 
(CTE) s of the composite solder specimens were obtained from the slope of the curve 
over a linear temperature range. 
 
3.8 Differential scanning calorimetry (DSC) 
The melting behaviors of the composite solder specimens were examined by a 
Perkin-Elmer DSC-7 system. DSC experiments were carried out at a heating rate of 
10°C/min from 25°C to 250°C. The heat flow as a function of temperature was recorded 
and analyzed. The entire scanning was carried out under an inert nitrogen atmosphere 
 
3.9 Thermal Conductivity 
Thermal conductivity was determined by measuring the thermal diffusivity, the 
specific heat capacity and the equation: λ = αρCp, where α, ρ and Cp are the thermal 
diffusivity, density and specific heat, respectively. Thermal diffusivity was measured by 
the laser flash method (ASTM E1461-01). Specimens of the same size were cut with the 
face perpendicular to the pressing direction and measurements were taken every 100 °C 
from room temperature to 100 °C (LFA 457, Netzsch, Germany) using a system equipped 
with an InSb detector. The average of three measurements was used to obtain the thermal 
diffusivity. The heat capacity, Cp, was measured using a differential scanning calorimeter 
under nitrogen at a heating rate of 10 K/min, in which the sample had a cylindrical shape 
with 5.5 mm in diameter and 0.8 mm in thickness. 
 
 






3.10 Electrical properties 
Electrical conductivity was measured on strips having dimensions of 
50mm×10mm cut from rolled composite solder preforms with a thickness of 
approximately 0.13 mm using a four point probe technique. 
 
3.11 Wettability 
Solder alloys were cold rolled to preforms of thickness 1 mm and 0.13 mm for 
wetting analysis. The solder preforms were remelted four times in order to get a uniform 
structure and composition. Approximately 0.2 g of the remelted solder preforms were 
weighed using an electronic balance. The weighed solder preforms were cleaned with 
acetone in an ultrasonic bath. The substrate used was a thin copper plate of 99.9% purity 
and dimensions of 25mm×25mm×0.1mm. These small substrates were polished 
sequentially with silicon carbide sandpaper of abrasive number up to 800, and then 
cleaned ultrasonically in acetone for 10 minutes to achieve an ultra clean substrate for 
wetting experiments. 
The measurement of contact angle was performed using the following technique. 
First wetting was carried out on a hot plate. Rosin mildly activated (RMA) flux was 
applied on a copper substrate. Some flux was then applied on the surface of the pre-
weighed solder preform before placing it on the copper substrate. In preparation for the 
reflow, the substrate containing the solder and the flux was first preheated to 100ºC, and 
then to the reflow temperature of 240ºC. After the time of reflow, the specimen was 
quickly removed, allowed to solidify, and later quenched to room temperature. The solder 





after reflow on the copper substrate was cleaned with alcohol for 10 minutes to remove 
the flux residues.  After each test, the solder drop was cut perpendicular to the interface, 
mounted in resin, and polished to examine the morphology and contact angle of solder on 
copper substrate. Then the photograph of the specimen was taken, and analyzed with the 
help of commercially available software for measuring spreading area. The schematic 



















Figure 3.10 Schematic showing the spreading area and contact angle measurement 
experimental setup for composite solders on copper substrate. 
 
 






3.12 Microhardness testing 
The sintered samples were polished to a mirror finish prior to the microhardness 
indentation tests. Microhardness of the composite solder specimens were measured using 
a digital microhardness tester with a Vicker’s indenter. The samples were indented with a 
load of 10 g and an average of 7 indentations was made at different locations on the 
composite solder specimens for further analysis.  
 
3.13 Tensile testing 
The samples for tensile testing were machined from the extruded bars. Dog-bone 
shaped specimens (Figure 3.11), of gauge length 25 mm and diameter 5 mm were 
prepared. Tensile experiments were carried out at room temperature on the specimens 
using an Instron 5569 tensile tester at a constant crosshead displacement of 0.5 mm/min. 
Five samples of each composite solder were tested. All samples were tested to failure. 
The photograph of the Dog-bone shaped specimen is shown in Appendix B.1. 
 
Figure 3.11 Tensile test specimen dimensions. 





3.14 Results and Discussion 
3.14.1 Density 
Figure 3.12 and Figure 3.13 show the variations of measured density of composite 
solder materials with different weight fraction of nano-particulates including nanotubes 
used in this investigation. As seen in the figures, the density of composite solders 
increases with increasing content of nano-copper, nano-nickel and nano-molybdenum. 
However, in the case of SWCNT addition, the opposite trend is observed, i.e., density of 
composite solders decreases with increasing content of these SWCNTs. These trends can 
be attributed to the fact that the density of the solders is lower than those of the nano-
copper, nano-nickel and nano-molybdenum but higher than that of SWCNT, as presented 
in Table 3.2. An interesting observation is that while the change in density of the solders 
with the addition of nano-copper, nano-nickel and nano-molybdenum is approximately 
linear, the change with addition of SWCNT is quite non-linear. 
 
Table 3.2 Density values of nano-particles and solders used in the present study 
 
Material Density (g/cc) Reference 
63Sn-37Pb 7.31 [77] 
nano-Copper 8.92 [76] 
nano-Nickel 8.91 [76] 
nano-Molybdenum 10.22 [76] 
SWCNT 18.5 [84] 
Sn 7.29 [76] 
Pb 11.35 [76] 
Sn-3.8Ag-0.7Cu  7.28 [80] 




























Figure 3.12 Variation of density of Sn-Pb based nanocomposite solders with 
reinforcement content. 
 























Figure 3.13 Variation of density of Sn-Ag-Cu based nanocomposite solders with 
reinforcement content. 





3.14.2 Coefficient of thermal expansion (CTE) 
The effect of nano-particulate addition on the coefficient of thermal expansion 
(CTE) of the solder specimens was investigated. It was found that the CTE of the 
composite solders decreased with increasing content of nano-particles as shown in Table 
3.3 and Figure 3.14. For nano-copper, nano-nickel and nano-molybdenum, the decrease is 
approximately linear while for SWCNT the decrease is approximately exponential.  
Table 3.3 CTE values of composite solder and other packaging materials commonly used 
in the industry. 
 
Material CTE (ppm/°C) Reference 
63Sn-37Pb 25.8 This work 
Sn-Pb + 1 nano-Cu 23.9 This work 
Sn-Pb + 2 nano-Cu 22.7 This work 
Sn-Pb + 1 nano-Ni 23.3 This work 
Sn-Pb + 2 nano-Ni 21.9 This work 
Sn-Pb + 1 nano-Mo 21.2 This work 
Sn-Pb + 2 nano-Mo 20.8 This work 
Sn-Pb + 1 SWCNT 18.5 This work 
Sn-3.8Ag-0.7Cu 19.5 This work 
Sn-Ag-Cu + 1 nano-Ni 18.2 This work 
Sn-Ag-Cu + 2 nano-Ni 16.4 This work 
Sn-Ag-Cu + 1 nano-Mo 16.7 This work 
Sn-Ag-Cu + 2 nano-Mo 15.8 This work 
Sn-Ag-Cu + 1 SWCNT 15.6 This work 
63Sn-37Pb 25 W.F. Wu, et. al. [77] 
63Sn-37Pb 24.5 T.Y. Tee, et. al. [78] 
Sn-3.8Ag-0.7Cu 20.4 D. Lau, et. al.    [80] 
Nano-Copper 17 N. Kumbhat, et. al. [81] 
PCB (FR4) 18 C.C. Lee, et. al. [82] 
Silicon die 2.8 N. Kumbhat, et. al. [83] 
SWCNT -1.6 S. R. Rodney, et. al. [84] 
Aluminum pad 23.6 V. Flori, et. al. [85] 
Nano-Nickel 13.3 N. Kumbhat, et. al. [83] 
Nano-Molybdenum 5.1 V. Flori, et. al. [85] 
 




























Figure 3.14 Variation of CTE of nanocomposite solders with reinforcement content. 
 
 
Table 3.3 compares the CTE values obtained in this work with those of various 
materials used in electronics packaging technology. The CTE values of Sn–Pb and Sn-
Ag-Cu solders obtained in this work are comparable with those in the literature [77-78]. 
A major challenge for the flip chip packaging technique originates from thermal stresses 
caused by the mismatch of coefficient of thermal expansion (CTE) between the silicon 
chip and the organic substrate [79]. In particular, this mismatch produces thermal stresses 
on solder joints that result in fatigue and crack growth during temperature cycling [79]. 
This is a major reliability concern. The lower CTE value of solders reinforced with nano 
particles, and SWCNTs will alleviate this problem to some extent. The CTE values of 
various commonly-used organic substrates are also listed in Table 3.3 for comparison. 






The decrease in CTE values might be due to the lower CTE values of the nano-
particles ( nano-Cu, Ni, and Mo) as presented in Table 3.3. As a result, the CTE values of 
the resulting nanocomposite would gradually decrease when the nano particle content 
increases.  The observed reduction of CTE might be due to the hindrance of the nano-
particles toward the expansion of the solder matrix. It is expected that the diffusion of the 
free volume among the vacancies existing in the solder matrix should become more 
difficult at higher nano-particle concentrations. 
 
3.14.3 Melting temperature 
Differential Scanning Calorimetry (DSC) measurements were carried out to 
determine the thermal properties such as melting point and onset temperature of both Sn-
Pb and Sn-Ag-Cu composite solders containing varying amounts of nano-particulates. 
Typical DSC thermograms of the Sn-Ag-Cu solders and their composites with varying 
weight fraction of nano-nickel particulates are shown in Figure 3.15. The shapes of the 
thermo-grams closely resemble one another. They are characterized by a sharp 
endothermic peak associated with the onset temperature and a peak temperature that 
exactly corresponds to the melting temperature of the solder or composite solder. 























Figure 3.15 Differential scanning calorimetry curves of Sn-Ag-Cu solders reinforced with 
varying weight fractions of nano-nickel. 
 
Figure 3.16 shows the variation of melting temperature of the composite solder 
with different weight proportions of nano–particulate reinforcements. It can be seen that 
the initial loading of copper nano-particles in the range of 0.05 wt.% to 1 wt.% caused the 
melting temperature of the composite solder to be lowered from 183.3°C to a minimum 
temperature of 181.3°C. However, the melting temperature of the solder rose to 183.9°C 
with further addition of nano-copper particles up to 2 wt%. Addition of nano-nickel 
particles first reduced the solder melting temperature to 183.1°C, with the addition of 
0.05 wt.% reinforcement content. But when the reinforcement content was increased 
further, the melting temperature increased gradually to 187.2°C with the addition of 2 
wt.% of nano-nickel. The addition of nano-molybdenum particles causes the melting 
temperature of the composite to increase gradually to 185.7°C at 2 wt.%. It can be seen 





from Figure 3.16 that the melting point of the composite solders as well as the onset 
temperature decreases with increasing content of SWCNTs up to 1 wt%. Beyond 1 wt. % 
SWCNT reinforcement, stable nano-composite solders cannot be produced. 
 






























A similar decreasing trend in melting point was recently reported for the addition 
of nano-alumina, and nano-SiO2 to polyether etherketone (PEEK) [86].  
The melting behavior of Sn-Ag-Cu composite solder with varying nano-particle 
contents is compared in Figure 3.17.  As can be seen, the meting temperature of Sn-Ag-
Cu composite solder increased with increasing nano-nickel and nano-molybdenum 
addition and decreased with  SWCNT addition.  
 































Figure 3.17 Variation of melting temperature of Sn-Ag-Cu based composite solders with 
reinforcement content. 
 
3.14.4 Thermal conductivity 
 
Based on the thermal diffusivity, D (cm2/s); bulk density, ρ (g/cm3) and heat 
capacity, Cp (J/g K) obtained, the thermal conductivity, λ (W/mK) of nanocomposite 
solders was calculated using the relation  
                                   λ = DρCp.                                                                   (3.1) 
Figure 3.18 shows variations of thermal conductivity of composite solder 
materials with different weight fractions of nano-particles. As can be seen, the thermal 
conductivity increases approximately linearly with the addition of nano-molybdenum and 
SWCNT, and decreases approximately linearly with the addition of nano-copper and 
nano-nickel. These trends are consistent with the findings of other researchers [87-88]. 









































Thermal conductivity appears to be strongly related to interface microstructure, 
particularly to interfacial bonding between the metal matrix and the additive particles. 
The thermal conductivity of composite solders reinforced with particulate reinforcement 
is influenced by the size, volume fraction and distribution of the reinforcement, and also 
by the thermal conductivity of the reinforcement materials. The thermal boundary 
resistance of the matrix/reinforcement interface has a significant effect on the thermal 
conductivity of the composites. The thermal boundary resistance should appear more 
seriously in the present composites because of the universal existence of porosity at the 
solder/reinforcement interface and the boundary of tin grains. From SEM observations, 
numerous gaps were found to exist at the solder/reinforcement interface and at the 





boundary of tin grains. Undoubtedly, the thermal boundary resistance would be the major 
factor lowering the thermal conductivity. Moreover, the interface between two adjacent 
intermetallics is an additional thermal barrier. Dispersion of impure intermetallics 
throughout the matrix also act as thermal barriers. Hence, increased grain boundary 
interface resistance, porosity and dispersed intermetallics are the factors which account 
for the lowering of the thermal conductivity of the composites observed in this work.  
In the case of SWCNT-reinforced composite solders, the increase in thermal 
conductivity can be explained by the following. Some previous works have shown the 
dominant role of phonons in thermal conduction in carbon materials at all temperatures, 
judging by their two orders of magnitude higher Lorenz ratio (κ/σT) compared with that 
of the electron [89-90]. The thermal conductivity is given by the Dybe formula  
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where l is the mean-free path (the distance that phonons propagation between two 
scatterings), Cv1 represents specific heat and ν is the lattice vibration velocity, which is 
generally constant for certain vibration modes. With respect to ordinary solder 
composites, increase in l brings about a larger mean-free path and less phonon–phonon 
Umklapp scattering. Correspondingly, the thermal conductivity of SWCNT-reinforced 
composites increases linearly with increasing weight fraction of nanotubes. Although the 
apparent l as determined from XRD spectra, is smaller and almost constant for SWCNT-
based nanocomposites. Generally, the following factors in heat transfer should be 
mentioned. On the one hand, although the stacking height of (002) planes is almost 





invariable with heat treatment because of limited size of diameters of the coated CNTs, 
the in-plane size (La) is fairly large because of their quasi-three-dimensional graphite 
structure (i.e., limited (002) stacking height and large in-plane size in axial direction) and 
large aspect ratio. Consequently, phonons would propagate along the axial direction in 
aligned CNTs more favorably than along the same direction in carbon fibers, 
polycrystalline graphite or ordinary carbon materials on account of significantly deduced 
phonon–phonon Umklapp scattering, especially for highly crystalline SWCNTs [89]. On 
the other hand, by studying thermal conductivity of nanotube-in-oil suspensions [91], 
some researchers have demonstrated the ballistic heat conduction of CNTs which is far 
superior to thermal diffusion. They deduced that the ballistic conduction must be 
associated with the large phonon mean-free path in CNTs, i.e. the larger the mean-free 
path, the less the loss of phonon energy by scattering and the stronger the ballistic 
conduction.  
 
3.14.5 Electrical conductivity 
The variation of electrical conductivity, σ, with nano-particulate addition is 
plotted in Figure 3.19. For each loading, at least seven samples were tested and the 
reproducibility was good. The electrical conductivities of Sn-Pb and Sn-Ag-Cu solder are 
10.58 %IACS (International Annealed Copper Standard) and 14.29 %IACS, respectively. 
As can be seen, for both types of solder, the electrical conductivity decreased  
approximately linearly with the addition of nano-copper, nano-nickel and nano-
molybdenum, and increased approximately exponentially with the addition of SWCNTs. 
This observation is consistent with previous findings on nanocomposites based on similar 





metal matrix materials [92-94]. The room temperature conductivities of the bare Sn-Pb 
and Sn-Ag-Cu are comparable with those in the literature [95], similar increments in 
conductivity have been observed with epoxy nanotube composites [96].  
 




































It is known that the electrical conductivity depends very much on the geometry of 
the conducting medium. It has been reported that particles with a higher aspect ratio, have 
an advantage in forming a conducting network in metal or polymer matrices than do 
those particles that are either spherical or ellipsoidal in shape [97-100]. Several studies 
have shown that the electrical conductivity of nanocomposites are affected by intensive 
processing [100-102]. It is possible that in this case the shearing process experienced by 
the nano-particles during dispersion may have disrupted the conducting path networks in 





the nanocomposites. The shearing process may have resulted in a reduction of the aspect 
ratio of the nano-particles, as the interaction between the solder matrix and nano-particles 
would be unable to withstand the applied mechanical forces, thus destroying the 
conducting network. 
The large increase in electrical conductivity with the addition of SWCNTs may be 
attributed to the formation of an interconnected structure of SWCNTs and the solder 
matrix. The molecules of solder matrix covalently bonded to the CNT surface, which 
react with the amine hardener, leading to the wrapping of CNT by the solder after 
sintering. Even if the nanotubes do not touch each other, electrical conductivity of the 
nanocomposites is increased as long as the distances between the tubes are lower than the 
hopping distance of the conducting electrons [103] 
 
3.14.6 Contact angle of composite solders 
Examination of the cross-section of the samples (Figure 3.20) reveals that 
interaction zones are formed at the substrate surface under the solidified drop. Thus, the 
contact angle can be measured at the interface as shown in Figure 3.20. The measured 
macroscopic contact angles have to be considered as apparent contact angles.  
Solderθ
 
Figure 3.20 Typical contact angle measurement of composite solders on copper substrate. 
 





According to the results of the energy-dispersive X-ray spectrometry (EDS) 
analysis for all contact systems, the reaction zone mainly consists of a fine mixture of Cu-
Sn intermetallics. Close to the reaction zone, precipitation of tin takes place and its 
morphology depends on the composition of the composite solder under reaction. Three 
trials for each system were used to evaluate the reproducibility of the contact angles 
obtained. In all cases, the same results were found and the average of them reported in the 
present investigation. The mean contact angle was estimated to be 19.3 ± 0.61° for pure 
Sn-Pb solder on Oxygen-Free High Conductivity (OFHC) copper substrate, and the 
contact angle was estimated to be 34.2 ± 1.03° for the Sn-Ag-Cu solder on OFHC copper 
substrate. The contact angles found in this investigation is in good agreement with 
published experimental values for Sn-Pb on copper substrate [104] and Sn-Ag-Cu on 
copper substrate [105]  
Figure 3.21 illustrates the changes of contact angle with the weight fraction of 
nano-particle addition for different varieties of nano-particulates including SWCNTs on 
copper substrates. The experimental measurements reveal that contact angles increase 
with the addition of increasing weight fraction of nano-nickel and nano-molybdenum. On 
the contrary, with the addition of SWCNTs to the solders the contact angle was found to 
first decrease, then reach a minimum value before increasing slightly with increasing 
weight fraction of the SWCNT reinforcement. The minimum value for Sn-Pb solder 
composite was 16.4º at 0.5 wt.% SWCNT, while the minimum for Sn-Ag-Cu solder 
composite was 26.4º at 0.1 wt.% SWCNT. It is interesting to note that the effect of 
SWCNT on the contact angle of Sn-Pb solder was much stronger than that on Sn-Ag-Cu 
solder. 





A non-monotonic change of the wetting angles was observed during the addition 
of nano-copper to the Sn-Pb solder matrix. For Sn-Pb composite solder containing 0.1 
and 1 wt.% nano-copper, steady contact angles of 18.3° and 19.5° were observed, 
respectively. For nano-copper content greater than 2 wt.%, the contact angle increased 
gradually to 20.5°. The contact angle measured for Sn-Ag-Cu was 34.2º, which is very 
similar to the value reported by other researchers in the literature [95]. 

























Figure 3.21 Contact Angle measurements of Composite solders. 
















Figure 3.22 Representative figures showing the spreading area of (a) Sn-Pb, and (b) Sn-
Ag-Cu solders on copper substrate. 
 
The Oxygen-Free High Conductivity (OFHC) copper substrate is completely 
covered by Sn-Pb liquid solder during reflow at 250 °C in the presence of RMA flux as 
shown in Figure 3.22. The spreading area reached at equilibrium (144.9 ± 5.6mm2) is in 
good agreement with published experimental values for Sn-Pb solder on copper substrate 
[95]. Similarly the spreading area of Sn-Ag-Cu liquid solder during reflow at 250°C in 
the presence of RMA flux was found to be 115.8 ± 4.59mm2.  
The variation of the spreading area of a liquid composite solder droplet on OFHC 
copper substrate with the concentration of nano-particulate reinforcement is shown in 
Fig. 3.15. As can be seen, the variation is non-linear in all cases. For copper and 
SWCNT, the spreading area first increases with concentration of nano-particle 
reinforcement, then reaches a maximum value before declining to a value below that for 





the original solder. For nano-nickel and nano-molybdenum, the spreading area appear to 
decrease continuously with increase in concentration of nano-particle reinforcement. 


























Figure 3.23 Variation of spreading area with concentration of nanoparticle reinforcement 
It has been known for some time [106-107] that, from a thermodynamic 
perspective, the occurrence of a chemical reaction between a wetting liquid and a solid 
substrate can augment the driving force of wetting. The effects of dissolution and reaction 
(product formation) can affect wetting performance in metal–metal systems by changing 
the physical and chemical properties of the bulk liquid as well as the solid/liquid, 
solid/vapor, and liquid/vapor interfaces. For the spreading problem, the liquid-vapor, 
solid-liquid, and solid-vapor surface energies are of importance. The surface is in a 
higher energy state than the bulk liquid phase because coordination among the atoms at 
the surface is incomplete. This higher-energy state endows the interfacial region with a 
surface energy that is attributed wholly to the separating surface.  





Eustathopoulos et al. [108] extensively explained the relation between surface 
tension and spreading. The surface tension of a liquid metal alloy is dependent upon 
temperature, liquid metal composition, and the adjacent gaseous or liquid flux 
composition [109]. 
The dependence of the surface tension on temperature is largely influenced by the 
fact that the interface between the liquid phase and the gas phase disappears at the critical 
temperature (i.e., the temperature above which the liquid state no longer exists regardless 
of pressure). Thus, the surface tension of liquids is reduced to zero at this temperature. 
Consequently, the surface tension of pure liquids must decrease with increasing 
temperature. The surface tensions of most binary liquid mixtures exhibit negative 
deviations from the proportional mathematical addition of the pure components’ surface 
tensions. This is often a result of the surface of the liquid becoming enriched with the 
component of lower surface tension [110]. However, recent resonant x-ray reflectivity 
measurements from the surface of liquid Bi–In found only a modest surface Bi 
enrichment, with 35 wt.% Bi in the first atomic layer [111]. The author states that this 
observation is in contrast to many adsorption studies to date, which often exhibit surface 
segregation of a complete monolayer of the component with the lower surface tension. Di 
Masi et al. [111] suggest that surface adsorption in Bi-In is dominated by attractive 
interactions that increase the number of Bi-In neighbors at the surface. 
A liquid metal’s surface tension can also change with the presence of surface-
active contaminants. Liquid metals are highly reactive, especially with oxygen, and the 
formation of oxides on the surface tends to lower the measured surface tension. For the 
case of pure Sn, the surface tension decreases from 0.510 to 0.460 N/m at 800°C [112] as 





the partial pressure of oxygen is increased. In addition, when the liquid metal is spreading 
in the presence of a liquid flux, the liquid-vapor surface tension should be replaced by the 
liquid flux surface tension, which tends to have a magnitude lower than liquid vapor 
surface tension [109]. In addition, the solid-vapor surface energy should be replaced with 
the solid flux surface energy, which is thought to have a lower magnitude than solid-
vapor surface energy. 
In most cases, when pure liquid Sn is alloyed with an element having lower 
surface tension than Sn, the surface tension of the resulting mixture is reduced and the 
converse is also true. This lowering in the surface tension and hence higher spreading 
area and lower contact angle, was observed in the case of SWCNT addition in the present 
investigation, as SWCNTs significantly lower the surface tension of liquid solder.  
It has long been known that the addition of Pb to Sn results in a reduction in 
surface tension. From the data developed by Schwaneke et al. [113], the addition of 39 
wt.% Pb to Sn results in a change in the surface tension magnitude from0.555 N/m (pure 
Sn) to 0.513 N/m at T = 250°C. Moreover, the surface tension of mixtures can be reduced 
(or increased) by adding elements having surface tensions lower (or higher) than the 
original mixture. Carroll and Warwick [114] found that the addition of Bi and Sb to 40 
wt.% Pb-Sn solder reduced the surface tension, whereas the addition of Ag and Cu 
increased the solder surface tension. Similarly, Moser et al. [115] determined that the 
addition of Bi to Ag-Sn eutectic resulted in a surface tension reduction. Thus, the liquid 
alloy surface tension can either be reduced or increased depending upon the element 
being added. Nano-particle addition can significantly alter the surface tension of the 
liquid solder and in turn affect the solder spreading area and contact angle. Addition of 





nano-nickel, and molybdenum increases the surface tension and decreasing the spreading 
area. 
In metal–metal wetting systems, temperature and substrate solubility (in the 
liquid) affect the wetting and spreading behavior of the liquid metal, material properties 
(density, viscosity, and surface tension), diffusive transport, and chemical reactions. 
Furthermore, the manner in which temperature affects the wetting behavior of metal-
metal systems cannot be discussed without considering the liquid compositional changes 
accompanying substrate dissolution. Systems where substrate solubility in the liquid 
phase is large typically exhibit extensive substrate dissolution during spreading. 
Generally, metal–metal systems exhibit increased wetting with increased temperature. 
Unfortunately, increasing the temperature cannot always be used to improve wetting 
because increased temperature also (a) increases oxidation kinetics, making soldering 
more difficult; (b) increases reaction kinetics, leading to thicker intermetallic compound 
layers that may decrease joint strength; and (c) often conflicts with temperature limits 
imposed by other parts of a microelectronic assembly. Thus, there is usually a tradeoff 
between higher-temperature processing and overall reliability of a completed assembly. 
Typically increasing the temperature decreases liquid viscosity and decreases 
liquid surface tension, which promotes spreading. Increasing the temperature also 
increases species diffusivities, chemical reaction rates, and substrate solubility in the 
liquid metal. However, there are exceptions. In some instances, the surface tension of 
liquid mixtures occasionally has been observed to increase, rather than decrease, with 
increasing temperature [116]. Also, because temperature influences substrate solubility, 
the change of surface tension with resulting change in liquid composition may be 





important. Given the complex interaction between a liquid, a solid, and a flux (or gas) 
phase, an experimental assessment of spreading is usually required. Because high Sn 
content characterizes the overwhelming majority of emerging Pb-free solders and is the 
primary reactive element in the solders, it is expected that the spreading behavior of pure 
Sn will provide insights into the expected spreading behavior of high-Sn content solders. 
Utilizing the sessile drop technique, Meschter [110] and Meschter et al. [118-119] 
evaluated the isothermal spreading behavior of pure S7n on Au, Cu, and Au-coated Cu 
substrates. Gold coatings are often used to enhance solderabilily and prevent oxidation 
[120]. 
 
3.14.8 Microstructural studies 
A Transmission Electron Microscope (TEM) was use to study the microstructure 
of Sn-Pb and Sn-Ag-Cu solders which have been reinforced with various amounts of 
nano-particles.  Figure 3.24 (a) shows the micrograph of Sn-Pb solder produced by a 
powder metallurgical process. The solder matrix mainly consisted of tin and lead phases. 
The solder matrix had very low dislocation density and was composed of highly 
elongated large grains with sub-grains. In contrast, in the lead-phase, the dislocation 
density was high and very fine equiaxed grains were observed. Sn and Pb phases can be 
differentiated by contrast, where, the Pb phase appears as white and Sn phase as dark. 
Moreover, the phase identification is also confirmed by EDX analysis at different 
locations on the specimens.  The EDX spectra of Pb and Sn are shown in Figures 3.25 
and 3.26, respectively. 





The TEM microstructure of the Sn-Pb solder reinforced with 1 wt.% of nano-
copper is shown in Figure 3.24 (b). As shown in the figure fine-grained microstructure 
with the grain size of 20 micron was observed for composite solder specimens. Dynamic 
recrystallization occurs during sintering of composite solder alloys. Hence, it is suggested 
that grain refinement can be attributed to dynamic recrystallization during sintering and 
the extrusion process. Black particles with the diameter of about 50 nm were observed in 
grains and at grain boundaries in the composite solder specimens. The black particles 
correspond to Cu6Sn5 intermetallics. It is noted that the particles were gathered locally 
and coalesced particles were observed. EDX analysis showed a strong peak of copper and 
tin at the particles, indicating that the coalesced particles in the specimens produced using 
a powder metallurgical process, were Cu6Sn5 intermetallics which originated from the 
reinforced content of nano-copper.  
A TEM picture of Sn-Pb solder reinforced with nano-copper is shown in Figure  
3.24 (c). It can be seen from the microstructure that tin and lead phases constitute the 
solder matrix and Cu6Sn5 intermetallic dispersoids strengthen the solder matrix. The 
distribution of dispersoids is homogeneous. With increasing nano-copper content level 
the Cu6Sn5 particles increase in number and size. These intermetallics are fully coherent 
with the matrix and have a spherical shape. The average radius after homogeneous 
dispersion is approximately 45 nm. This observation indicates that the nano-copper 
addition increases the driving force for intermetallic formation. It should also be noted 
that the dispersoids are homogenously distributed. The EDX spectrum of Cu6Sn5 
intermetallics is shown in Figure 3.27. 
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Figure 3.24 TEM micrographs of (a) Sn-Pb, (b) Sn-Pb+1 wt.% nano-Cu, (c) Sn-Pb+2 
wt.% nano-Cu, (d) Sn-Pb+0.5 wt.% nano- Ni, (e) Sn-Pb+1.5 wt.% nano-Ni, and (f) Sn-
Pb+1 wt.% nano-Mo. 
 
A TEM picture of Sn-Pb solder reinforced with 0.5 wt.% nano-nickel is shown in 
Figure 3.24 (d). Bright field transmission electron micrography shows that the 80–120 





nm sized elongated particles were present along the grain boundaries. EDX analysis 
showed that the particles mostly contained Ni. It is clear from the EDX analysis that 
Ni3Sn4 intermetallic particles were present in the solder matrix. The micrograph of the 
grain boundary area shows that the clusters of fine Ni3Sn4 particles (<50 nm) decorated 
the grain boundaries. A typical TEM image of Sn-Pb solder reinforced with 1.5 wt.% of  
nano-nickel is shown in Figure 3.24(e). Grain boundaries with sizes of about 300–500 nm 
width, intermetallics (observed as black contrast particles) and dislocation lines, were 
similarly observed in all the specimens. Fine precipitations with low number density in 
the matrix and of sizes about 10–20 nm, were established by EDX measurements to be 
Ni3Sn4. The main precipitations of large size were around the tin grain boundaries, lead 
boundaries and partly in the solder matrix. The large intermetallics were Ni3Sn4. Number 
and density of the intermetallics were much higher than those for the 0.5 wt.% reinforced 
composite solder.  Mean size of those precipitations was about 110 nm for the specimen 
reinforced with 2 wt. % of nano-nickel. The areal number density of dislocations 
increased with increasing nano-particle content. The changes of the areal number density 
caused increment of tensile strength depending on the weight fraction of nano-nickel 
addition. The EDX spectrum of Ni3Sn4 intermetallic particles is shown in Figure 3.28 
As shown in Figure 3.24(f), there is a larger volume fraction of second phase 
particles within the matrix in the Sn-Pb+1 wt.% nano-molybdenum alloy than the Sn-Pb 
solder without any addition. These particles have the same crystalline structure as Mo 
particles. A comparison of the undoped Sn-Pb solder and Sn-Pb reinforced with 1 wt.% 
nano-molydenum shows that the weight fraction and size of the elemental molydenum 
increased with nano-particle addition. These particles are known have very beneficial 





effects on the mechanical properties of the composite, due to their symmetric 
morphology. This might be the case in the present study since they exist as fine nano-















Figure 3.26 EDX Spectrum of tin phase. 
 


























Figure 3.28EDX Spectrum of Ni3Sn4 intermetallics formed in the matrix. 
 







Figure 3.29 EDX Spectrum of nano-Molybdenum particles in the solder matrix. 
 
 
In Figure 3.30 (a), the microstructure of the Sn-Ag-Cu solder is shown. The 
microstructure mainly consists of beta tin phase and irregular Ag3Sn intermetallic 
particles dispersed throughout the matrix. And these irregular particles have coarser 
structures. Although detailed identification of these coarse particles failed due to the 
relative thickness of the precipitate particles, it is expected that the equilibrium phase 
would be the predominant phase to be observed in specimens with high concentrations of 
nano-particles. The dominant morphology was that of coarse-scale, irregularly globular 
particles, while there was a small volume fraction of finer-scale, spherical precipitates. It 
is interesting to note that these precipitate particles were also surrounded by a high 
density of dislocations within the solder matrix, suggesting that nucleation (and growth) 
of these globular particles may have generated such defects. 
 
 














































Figure 3.30 TEM micrographs of (a) Sn-Ag-Cu, (b) Sn-Ag-Cu+0.5 wt.% nano-Ni, (c) Sn-









Figure 3.30 (b) shows a TEM bright field image taken from the 0.5 wt.% nano-
nickel doped Sn-Ag-Cu composite solder. Many dispersoids of different sizes are 
observed inside the grain and on grain boundaries. EDX analysis revealed that a fairly 
large dispersoid existing at a grain boundary is Ni3Sn4, which was likely formed by the 
reaction of the added, insolvable nano-nickel with beta-tin of the solder matrix. The size 
distributions of the dispersoids and matrix grains are shown in the same figure. The 
diameter of the dispersoids ranged from about 10 to 130 nm. The average diameters of 
the dispersoids and grains are 42 and 140 nm, respectively, which are considerably larger 
than those of the nano-nickel particles that were added. According to the weight fraction 
and average diameter of the dispersoids in Sn-Ag-Cu solder matrix, the number density 
of the dispersoids was evaluated to be 7.16x1024 m-3. The high numerical density of 
dispersoids increases the pinning effect against the grain growth of the matrix and results 
in higher strength. 
The TEM micrograph of Sn-Ag-Cu solder reinforced with 1.5 wt. % nano-nickel 
is shown in Figure 3.30(c). The TEM micrograph shows fine grains of Ni3Sn4 
intermetallics at the grain boundaries. Two kinds of diffraction patterns were obtained. 
The closest planes of them are {110} and {220}. The angle between these planes is 120° 
which is equivalent to the calculated angle of the Ni3Sn4. It is considered that Ni3Sn4 was 
formed at the region where the local concentration of nano-nickel was high. At the 
intermetallic layer and solder matrix interface regions, a very complicate electron 
diffraction pattern was obtained. It is considered that these diffraction spots come from 
the several different crystals. Careful analysis has established that the closest plane is 
(110) and the next-closest plane is (002). The angle between these planes is 90°. This is 





equivalent to the calculated angle of the Ag3Sn. The present TEM-EDX and electron 
diffraction pattern analysis successfully revealed the presence of Ni3Sn4 and Ag3Sn 
intermetallics. Another new finding of the present study is that the solder matrix 
consisted of various kinds of fine intermetallics compound (IMC) grains of submicron 
size. In particular, when the nano-nickel reacts with the molten solder according to the 
Ni-Sn phase diagram Ni3Sn4 intermetallics should be formed. Intermetallic compounds of 
Ni3Sn4 were in fact detected for all the composite solders reinforced with nano-nickel. 
Figure 3.30(d) shows the TEM micrographs of Sn-Ag-Cu reinforced with 1 wt. % 
of nano-molybdenum. The investigation of the effect of the nano-molybdenum addition 
on microstructure showed that with increasing nano-particle content the grain size 
decreased.  The dislocation density within the solder matrix is very high. During the 
sintering process, the recovery process caused a reduction in the dislocation and new sub-
grains were formed. The dislocation density within the sub-grains increased as the 
sintering progresses, with the sub-grain width increasing from 0.37 to 0.50 mm. 
Simultaneously, intensive precipitation of intermetallics took place. The mean diameter 
of the Ag3Sn, which precipitated onto sub-grain boundaries, increased slightly from 72 
nm to 89 nm with increasing addition of nano-particles. The fine nano-intermetallics that 
belong to nanometer elements of the structure increased from 14 nm to 16 nm in 
diameter, with increasing sintering temperature. These intermetallics are important for the 
mechanical properties because they pin free dislocations in a matrix leading to increasing 
creep strength of these composite solders. 
In nano-molybdenum doped Sn-Ag-Cu composite solders the following types of 
morphologies were observed: spheroidal Ag3Sn intermetallics and plate-like beta-tin 





phase. The ‘‘larger’’ spheroidal particles of nano-molybdenum appear to have remained 
undissolved during the sintering process and could lead to effective pinning of the free 
dislocations. 
Figure 3.30 (e) show TEM images of the Sn-Ag-Cu solder alloy reinforced with 2 
wt.% of nano-molybdenum. Bright areas in this figure indicate beta tin regions. It can be 
seen that the Ag3Sn based intermetallics and Mo-Sn based intermetallics dispersed in the 
solder matrix grains and along grain boundaries. One can see many fine intermetallic 
precipitates dispersed with definite directions, which are parallel to the c-plane of the 
matrix grains. It is interesting to note that the addition of only 2 wt.% of nano-










Figure 3.31 shows the variation of the microhardness of the Sn-Pb, and Sn-Ag-Cu 
based solders at ambient temperature, against various weight fractions of nano 
particulates. The results indicate that microhardness of the composite solders increased 
with increasing weight fraction of nano particulate reinforcements. 



























Figure 3.31 Variation of microhardness of composite solders with concentration of 
reinforcements. 
 
As shown in Figure 3.31, micro hardness values of Sn-Pb and Sn-Ag-Cu solder 
matrices were 133.8, and 179.1 MPa, respectively. The addition of 1 wt.%, 2 wt.% nano-
copper (nano-Cu) to the Sn-Pb solder matrix increased the microhardness to 154.2, and 
159.8 MPa, respectively. The addition of 2 wt.% of nano-nickel (nano-Ni) raises the 
microhardness from 133.8 to 160.2 MPa, i.e. by about 26.9%, while the addition of 2 
wt.% of nano-molybdenum (nano-Mo) improves the microhardness by about 38%. 





Addition of 1 wt.% of SWCNTs to the Sn-Pb solders matrix increased the micro hardness 
of composite solder alloy by about 23%.   
Similarly, the addition of nano-nickel, nano-molybdenum and SWCNTs improved 
the microhardness properties of Sn-Ag-Cu based solders significantly. At room 
temperature, all Sn-Ag-Cu based nano composite solders show higher microhardness as 
the nano particulate content increases as is shown in Figure 3.31. For 2 wt.% of nano-
nickel addition, the nano composite solder shows an increment in mircohardness value by 
20.8% over the bare Sn-Ag-Cu solder alloy, whereas the addition of 2 wt.% nano-
molybdenum resulted in an increment of about 34.7% at room temperature. SWCNT 
addition resulted in 23.8% improvement in the microhardness properties.  
 
3.14.10 Tensile Properties 
The results obtained from tensile tests are reported in Figures. 3.32-3.37. 
Properties reported in these figures are the average properties of at least seven different 
testing specimens from different batches of the composite solder alloys fabricated using 
powder metallurgical processing. According to these results, the presence of nano 
alloying elements significantly increased the yield strength, ultimate tensile strength 
(UTS) and modulus (E), at the expense of some reduction in elongation, but considerable 
improvement in work of fracture. Nano alloying elements increased yield strength and 
UTS in all the cases of the composite solder alloys. However, it seems that nano-
molybdenum is more efficient than nickel in enhancing the strength of the composite 
solders. 
 





3.14.11 Yield Strength 
Figure 3.32 shows the influence of nano-particulate addition on yield strength 
(YS) of the Sn-Pb and Sn-Ag-Cu based composite solder materials. The yield strength of 
the composite solders increased consistently with an increase in the amount of nano-
particle addition to the solder matrix (both Sn-Pb, and Sn-Ag-Cu), except for the Sn-Pb 
solder reinforced with SWCNT beyond 0.5 wt% 



























Figure 3.32 Yield strength as a function of weight fraction of nanoparticle content. 
A 38.5% improvement of yield strength from 28.95 to 40.5 MPa was achieved 
using 2 wt.% nano-Cu additions to the Sn-Pb solder. Similarly 2 wt.% of nano-nickel 
addition resulted in 39% of yield strength improvement from 28.95 to 40.2 MPa. Nano 
molybdenum addition of 2 wt.% has resulted in 48% improvement of the yield strength 
from 28.95 to 43.3 MPa. The yield strength has a maximum value of 34.5 MPa at the 
composition of Sn-Pb+0.5 wt.% of SWCNT. However it decreases sharply with a further 





increase in the concentration of SWCNT. One main reason of such a trend is the 
unconventionally coarse grains, and the other may be the reduction of bonding strength.   
It can be observed that the yield strength of the bare Sn-Ag-Cu solder alloy is 
33.73 MPa, and gradually increases with increasing nano-nickel content up to 0.8 wt. %. 
Then, it drastically increases up to 43.9 MPa at 2 wt.% of nano-nickel.  Similarly, the 
yield strength of the Sn-Ag-Cu+Mo alloy increases with increasing nano-molybdenum 
concentration, reaches a maximum value of 52.98 MPa, at the 2 wt.% concentration. The 
maximum increase in yield strength for Sn-Ag-Cu solder composite at 1 wt.% of 
nanotube reinforcement, was 42.6% higher than its pure counterpart. 
 
3.14.12 Tensile Strength 
The variation of tensile strength (TS) as a function of nano-particulate loading is 
shown in Figure 3.33. It was observed that the tensile strength properties of the Sn-Pb, 
and Sn-Ag-Cu based composites increased linearly with the increase in nano-particulate 
loading from 0% to 2 wt.%.  
The tensile strength of Sn-Pb composite solder with the addition of 2 wt.% nano-
copper is 45.67 MPa compared with 36.5 MPa for the alloy without any addition. A 2 
wt.% addition of nano-nickel to pure Sn-Pb solder resulted in the tensile strength of 50.3 
MPa. Similarly 2 wt.% of nano-molybdenum addition resulted in a tensile strength of 
53.9MPa. Tensile strengths increased by approximately 25.2%, 37.7% and 47.7%, with 
nano-copper, nano-nickel, and nano-molybdenum additions respectively. This great 
increase in the mechanical strength is primarily attributed to reinforcing effect imparted 
by the nano-particles, which allowed a uniform stress distribution from continuous solder 





matrix to dispersed intermetallic particle phase through out the matrix. The tensile 
strength of the Sn-Pb/SWCNTs nanocomposites increases 21.5% for 0.5 wt.% of 
SWCNTs addition. For specimens with SWCNTs higher than 0.5 wt.%, the tensile 
strength of the SWCNTs/Sn-Pb nanocomposites decreases, possibly due to 
unconventionally coarse grains, and the other may be the reduction of bonding strength. 


























Figure 3.33 Tensile strength as a function of weight fraction of nanoparticle content. 
 
The tensile strength of the Sn-Ag-Cu based composite solder samples containing 
2 wt.% of nano-nickel was found to be around 53.8 MPa, whereas the same content of 
nano-molybdenum led to a slightly increased tensile strength of 64.8 MPa. Similarly 1 
wt.% of SWCNT addition resulted in the tensile strength value of 63.7 MPa. Tensile 
strengths increased by approximately 33.4%, 60.5% and 57.8%, with the addition of 
nano-nickel, nano-molybdenum, and SWCNTs, respectively. 






3.14.13 Elastic Modulus (E) of nano composite solders 
The variation of Young’s modulus (E) as a function of nano-particle loading is 
shown in Figure 3.34. An increase in the modulus of the composite solders was observed 
with the incorporation of nano-particles. This is probably due to the increase in the 
stiffness of the matrix with the reinforcing effect imparted by the nano-particles that 
allowed a greater degree of stress transfer at the interface [50].  






















Figure 3.34 Modulus as a function of weight fraction of nanoparticle content. 
The modulus of the Sn-Pb sample has increased from 29.6 to 31.08 GPa after 2 
wt.% addition of nano-copper. The Young's modulus of the composite reached a value of 
31.5 GPa, with a nano-nickel particulate content of 2 wt.%. As expected, the Young’s 
modulus increases with increasing content of the stiffer Mo inclusions. This implies that a 
load transfer mechanism between the matrix and the reinforcements is effective, as 





previously hypothesized [121]. In the case of Sn-Pb solders reinforced with SWCNTs, 
modulus increases with the concentration of SWCNTs, reaches a maximum at 0.5 wt% 
before giving up all the increase in the modulus when the concentration reached 1 wt%. 
From Fig. 3.34 it is clear that the modulus of Sn-Ag-Cu composites increased 
with the addition of the nano-particles. Nearly 8% increase in modulus was obtained with 
2 wt.% of nano-nickel addition. Similarly nano-molybdenum, and SWCNT addition 
resulted in the modulus values of 50.3, and 51.7 GPa, for 2 wt.% and 1 wt.% of 
particulate addition respectively. However, unlike the case for Sn-Pb, the modulus is 
continuously increased with the increase in concentration of SWCNT. 
 
3.14.14 Possible strengthening mechanisms 
From the experimental data presented in sections 3.14.9 to 3.14.13, it is clear that 
the addition of the reinforcing phase increases the yield stress of the composite Sn-Pb, 
and Sn-Ag-Cu solders. In the following, several possible strengthening mechanisms are 
suggested and discussed. 
 
The principal strengthening mechanism for nano-particle reinforced composite 
solders may include Orowan strengthening, Load transfer between the reinforced 
particles and matrix, Hardening due to the co-efficient of thermal expansion (CTE) 
mismatch. Linear summation of such terms can be used to predict the yield strength and 
the result is: 
CTELTOrowancomposite σσσσ Δ+Δ+Δ=Δ                                      (3.3) 
 
 





3.14.14.1 Orowan Strengthening 
The yield stress is characterized by the state when the matrix plastic flow is 
developed. Nano-particulates in the matrix are obstacles to dislocation motion. Therefore, 
the stress necessary for motion of dislocations in the composite is higher than in the 
matrix without nano-particulates. Orown strengthening results from the interaction 
between dislocations and the dispersed particles. Hard intermetallic particles in the solder 
matrix act as obstacles to hinder the motion of dislocations near the particles in the 
matrix. The Orowan strengthening effect of particles on the matrix is enhanced gradually 






Orowan λπσ −=Δ                                  (3.4) 
 
where G is the shear modulus of the matrix, b is the Burger’s vector, υ is the Poisson’s 
ratio, λ is the edge-to-edge particulate spacing, and D is the average particulate diameter. 
The particulate spacing, λ, can be expressed in terms of the volume fraction (Vf) of 






⎡= fVD πλ                                               (3.5) 
 
3.14.14.2. Load transfer 
 
The load transfer from matrix to reinforcing phase is maintained by the interface. 
The shear lag theory assumes that the load transfer occurs between reinforcement with 
high aspect ratio and the matrix via the shear stress at the reinforcement-matrix interface. 
According to this mechanism, the nano-particle can act as a “reinforcement” to carry 





some of the load. Several authors [124-126] considered the shear lag model. The flow 
stress σLT necessary for composite deformation due to load transfer can be calculated as  
( )1
4LT m m
L t A (1 )f f
L
σ σ σ+⎡ ⎤= + + −⎢ ⎥⎣ ⎦                                                                       (3.6) 
where σm is the yield stress in the matrix, L is the nano-particle size in the direction of the 
applied stress, t is the nano-particle size in the direction perpendicular to the applied 
stress, A is the aspect ratio (L/t) and f is the volume fraction of the reinforcement. The 
model is based on the simplifying assumption of uniform matrix deformation and 
therefore, yields a very simplified expression for stiffness and strength contributions. 
Except for the stress transfer from the matrix to the reinforcing phase, fibres or particles, 
the shear lag model does not account for the contributions from effects that are associated 
with inhomogeneous matrix behavior, resulting in enhanced dislocation density and 
residual thermal stresses. For equiaxial particles, an increase in the yield stress due to 
load transfer ΔσLT is given by 
0.5LT m fσ σΔ =                                                                                                        (3.7)                                      
The strengthening component ΔσLT depends on the reinforcement volume fraction.  
 
 
3.14.14.3 Hardening due to CTE mismatch 
Hardening due to co-efficient of thermal expansion (CTE) mismatch can be expressed as: 
TCTE Gb ρϕσ =Δ                                                                                (3.8) 
Whereϕ  is the empirical constant, G is the shear modulus of the matrix, b is the burgers 
vector, and Tρ  is the increment in dislocation density due to thermal mismatch between 
the matrix and the reinforcing particles. 





The density of the newly formed dislocation, near reinforcement, fibres or 




ΔΔ= αρ                                                                      (3.9)                                              
 
where D is a minimum size of the reinforcing phase (particles or nano tubes), b is the 
magnitude of the Burgers vector of the newly created dislocations, B is a constant (B = 10 
for nano tubes and B = 12 for nano particles), and ΔαΔT is the thermal strain. ΔT is 
chosen to be 250 K assuming that dislocation punching begins at 550 K corresponding to 
a stress-free homologous temperature of 0.6 [128] 
 
Table 3.4  Properties of Sn-Pb, Sn-Ag-Cu solders, and nano-particles 
Property Value Reference 
ϕ 0.35 [129] 
G of Sn-Pb solder 10 x 103 MPa [130] 
G of Sn-Ag-Cu solder 12 x 103 MPa [131] 
B for particle 12 [132] 
B for nano-tubes 10 [132] 
Burgers vector of Sn-Pb 3.2 x 10-10 m [133] 
Burgers vector of Sn-Ag-Cu 3.2 x 10-10 m [134] 
ΔαSn-Pb and Cu 8.8 x 10-6K-1 [This work] 
ΔαSn-Pb and Ni 12.5 x 10-6K-1 [This work] 
ΔαSn-Pb and Mo 20.7 x 10-6K-1 [This work] 
ΔαSn-Ag-Cu and Ni 6.2 x 10-6K-1 [This work] 
ΔαSn-Ag-Cu and Mo 14.4 x 10-6K-1 [This work] 
ν 0.34 [135] 
ΔT 250 K [136] 










Table 3.5 Contributions of various strengthening mechanisms to the yield stress of Nano- 
Particle reinforced Sn-Pb based solders. 
 






Sn-Pb- 0.1 wt.% nano-Cu 3.4 0.1 0.5 28.9 32.9 32.8 
Sn-Pb- 0.5 wt.% nano-Cu 5.5 0.8 1.1 28.9 36.3 33.2 
Sn-Pb- 1 wt.% nano-Cu 7.1 1.7 1.8 28.9 39.5 35.6 
Sn-Pb- 1.5 wt.% nano-Cu 8.3 2.6 2.1 28.9 41.9 38.7 
Sn-Pb- 2 wt.% nano-Cu 9.4 3.4 2.5 28.9 44.2 40.1 
Sn-Pb- 0.1 wt.% nano-Ni 3.3 0.3 0.7 28.9 33.2 31.7 
Sn-Pb- 0.5 wt.% nano-Ni 5.4 0.8 1.4 28.9 36.5 33.3 
Sn-Pb- 1 wt.% nano-Ni 7.1 1.7 1.9 28.9 39.6 38.6 
Sn-Pb- 1.5 wt.% nano-Ni 8.2 2.5 2.5 28.9 42.1 40.2 
Sn-Pb- 2 wt.% nano-Ni 9.1 3.2 3.1 28.9 44.3 40.5 
Sn-Pb- 0.1 wt.% nano-Mo 4.1 0.8 1.4 28.9 35.2 35.1 
Sn-Pb- 0.5 wt.% nano-Mo 5.5 0.9 1.7 28.9 37 36.7 
Sn-Pb- 1 wt.% nano-Mo 7.9 2.2 2.9 28.9 41.9 41.6 
Sn-Pb- 1.5 wt.% nano-Mo 8 2.6 3.1 28.9 42.6 42.2 
Sn-Pb- 2 wt.% nano-Mo 9.6 3.4 3.8 28.9 45.7 43.6 
 
Table 3.6 Contributions of various strengthening mechanisms to the yield stress of Nano-
Particle reinforced Sn-Ag-Cu based solders. 






Sn-Ag-Cu- 0.1 wt.% nano-
Ni 
4.1 0.2 0.6 33.7 38.6 38.2 
Sn-Ag-Cu- 0.5 wt.% nano-
Ni 
5.2 1.2 1.3 33.7 41.4 39.5 
Sn-Ag-Cu- 1 wt.% nano-
Ni 
6.8 1.4 1.3 33.7 43.2 42.7 
Sn-Ag-Cu- 1.5 wt.% nano-
Ni 
9 2.3 1.8 33.7 46.8 43.9 
Sn-Ag-Cu- 2 wt.% nano-
Ni 
11.7 4.5 2.8 33.7 52.7 44.2 
Sn-Ag-Cu- 0.1 wt.% nano-
Mo 
4.3 0.3 1.4 33.7 39.7 39.4 
Sn-Ag-Cu- 0.5 wt.% nano-
Mo 
6.9 1.1 1.9 33.7 43.6 42.2 
Sn-Ag-Cu- 1 wt.% nano-
Mo 
8.8 2.2 2.7 33.7 47.4 46.8 
Sn-Ag-Cu- 1.5 wt.% nano- 10.7 3.6 3.9 33.7 51.9 51.4 








11.9 4.6 4.1 33.7 54.3 52.9 
 
It can be found from Table 3.5  & 3.6 that the experimental values are in good agreement 





Figure 3.35 shows the effect of nano-particulate addition on the tensile elongation 
behavior of composite solder specimens. The mean elongation values for Sn-Pb, and Sn-
Ag-Cu were found to be 50.2, and 38.4, respectively. These values are in good agreement 
with the values reported in the literature for the solders tested at similar tensile conditions 
[138]. 
The % elongation of Sn-Pb composite solder reduced from 50.2 to 45.1 with 
increasing amount of nano-copper reinforcements from 0% to 2 wt.%. Nano-nickel 
addition reduces the room temperature elongation of the composite solder to 41.8 with 
increasing the amount of nano-nickel reinforcement from 0 to 2 wt. %. After addition of 
nano-molybdenum reinforcement to Sn-Pb solder up to 2 wt. %, the ductility of the 
specimens dramatically decreases by about 32 % from that of the bare alloy and resulted 
in an elongation of 33.9%. Figure 3.35 also shows that ductility diminishes rapidly for 
both types of composite solders with the addition of SWCNTs.  





























Figure 3.35 Variation of ductility of composite solders with concentration of nano-
particle reinforcements. 
 
As shown in Figure 3.35 decrement in elongation values with an increase in 
reinforcement is observed in the case of Sn-Ag-Cu based composite solders, where the % 
ductility values ranged from 38.4 for unreinforced Sn-Ag-Cu solder alloy to 32.7, and 
30.1 respectively for 2 wt.% of nano-nickel, and nano-molybdenum doped composite 
solders. This corresponds to a decrement of 14.7%, and 21.6% of the value for the pure 
Sn-Ag-Cu based solder alloy.  
The tensile elongations of both composite solders are over 30%, implying better 
ductility for all composites fabricated via powder metallurgy processing. Figure 3.38(c) 
shows the fractography of the Sn-Pb based solder with 1 wt. % nano-nickel. Larger and 
uniform dimples are observed. This is the reason for its ductility. The dispersion of the 
reinforcements is more uniform than the other composites, thus the tensile elongation is 





higher. Besides, the more controlled powder metallurgical process yields a more uniform 
microstructure. Limited segregation and precipitation of the composite provides a good 
maintenance of plasticity. No significant stress concentration on any single 
agglomeration or aggregation occurs.  
As the composite solder matrix is loaded with the high strength nano-particles, the 
stresses on the reinforcement become large. As explained by Finot et al. [139], if the 
volume or wt % of the reinforcement fraction is increased then the stresses within the 
nano-particles are also increased. If the stresses in the particles are large enough, fracture 
can occur in the presence of a pre-existing flaw in the reinforcement. Moreover, the 
probability of finding the precracked particle rises with the increasing weight fraction of 
the nano-particles. Similarly when the solder matrix is loaded with the nano-particles, the 
overall strain at which a partial crack grows is reduced, while the peak stress in the 
reinforcement remains essentially the same. Thus, with further straining, the micro cracks 
initiated at the interface between intermetallics particles and solder matrix due to strain 
incompatibilities across the interface accelerate the damage process. As pointed out by 
Finot et al. [139], particle fracture enhances localized plastic flow, i.e. high plastic strains 
with large values of hydrostatic tension are observed in the matrix close to the crack tip. 
Consequently, this can trigger other damage mechanisms such as ductile separation by 
void growth or shear banding, thereby leading to premature failure and reduced ductility 
with respect to the undoped solder material. 
The decrease in ductility of the composite solders reinforced with SWCNTs can 
be explained by the following mechanism. The reduction of ductility, with higher 
reinforcement addition is a very common phenomenon observed in metal-matrix based 





composites [140]. The main reason may be the limited ductility exhibited by SWCNTs 
[141]. In addition, the SWCNTs may restrict the movement of dislocations either by 
inducing the large difference in the elastic behavior between SWCNTs and the matrix or 
creating the stress fields around the dislocations. 
 
 
3.14.16 %Reduction of area 
Reduction of the cross-sectional area of test specimens is a measure of the 
ductility of metals obtained in a tensile test. It is the difference between original cross-
sectional area of a specimen and the area of its smallest cross-section during testing. It is 
usually expressed as % decrease in original cross-sectional area. The smallest cross-
section can be measured at or after fracture. For metals, it is usually measured after 
fracture. 
Figure 3.36, shows the behavior of % reduction in area (RA) of both Sn-Pb, and 
Sn-Ag-Cu based solders after reinforcement of different weight fraction of nano-
particulates. As can be seen, the addition of nano-particle reinforcements reduces the RA 
rapidly with small concentrations initially and more gradually with larger concentrations. 

































Figure 3.36 % Variaiton of reduction of area with concentration of nanoparticle 
reinforcement. 
 
3.14.17 Work of fracture 
Work of fracture (WOF) was computed from the area beneath the stress-strain 
curve of the composite solder specimens. The work of fracture (WOF), calculated as the 
energy stored in the microstructure until final failure, was recorded for Sn-Pb, Sn-Ag-Cu 
based solder samples reinforced with various weight fractions of the nano-particulates. 
For each microstructure, the value of WOF was normalized by the value obtained for the 
un-reinforced solder alloy. The results are shown in Figure 3.37. As can be observed, the 
work of fracture generally significantly increases with higher content of nano-particulate 
addition. This is evidence of the toughening effect caused by the nano-particle 
reinforcements, which impede the propagation of cracks through the composite solders 
[142]. The only unexplained exception appears to be the effect of nano-molybdenum on 





Sn-Pb solder where the WOF is seen to decrease when wt% nano-molybdenum was 
increased beyond 0.75 wt%. 


























Figure 3.37 Variation of work of fracture with concentration of nano-particle 
reinforcements. 
 
3.14.18 Fracture surface analysis 
The tensile fracture surfaces of Sn-Pb solder sample at room temperature, Sn-Pb + 
0.5 wt.% nano-copper composite solder, Sn-Pb + 1 wt.% nano-nickel composite solder, 
and Sn-Pb + 2 wt.% nano-nickel composite solder are illustrated in Figure 3.38 (a–d), 
respectively. 
Sn-Pb solder fracture shows a typical ductile fracture with a distribution of fine 
dimples. Similar fracture types were shown in the case of 0.5 wt.% nano-copper doped  








Figure 3.38 Typical scanning electron micrographs showing the fracture surfaces of (a) 
Sn-Pb, (b) Sn-Pb + 0.5 wt.% nano-copper, (c) Sn-Pb + 1 wt.% nano-nickel, and (d) Sn-Pb 
+ 2 wt.% nano-nickel, composite solders subjected to tensile deformation at a crosshead 
speed of 0.5mm/min. 
  
solders, and no variation in size of the dimples could be observed. In addition, there was 
no big difference in fracture types between Sn-Pb and Sn-Pb + 0.5 wt.% nano-copper 
composites. The fracture surface of nano-nickel based composite solder mainly 
composed of ductile dimples and voids around Ni3Sn4 intermetallics. This reveals that the 
composite fractured in a ductile manner at elevated temperatures, and the failure of the 









Scanning electron micrographs showing the fracture surfaces of (a) Sn-Pb + 1 
wt.% nano-molybdenum, (b) Sn-Pb + 2 wt.% nano-molybdenum, (c) Sn-Pb + 0.5 wt.% 
SWCNT, and (d) Sn-Pb + 1 wt.% SWCNT are shown in Figure 3.39.  
SEM micrographs of the nano-molybdenum reinforced Sn-Pb solder fracture 
surfaces are shown in Figures 3.39 (a) and (b). The fracture surface of 1 wt.% nano-
molybdenum doped solders as shown in Figure 3.39 (a) mainly composed of dimples. 
This pattern may result from the interaction between the dislocation cell structure and the 
intermetallics. In the case of 2 wt.% reinforced nano-molybdenum composite solder, the 















Figure 3.39 Typical scanning electron micrographs showing the fracture surfaces of (a) 
Sn-Pb + 1 wt.% nano-molybdenum, (b) Sn-Pb+ 2 wt.% nano-molybdenum, (c) Sn-Pb + 
0.5 wt.% SWCNT, and (d) Sn-Pb + 1 wt.% SWCNT, composite solders subjected to 
tensile deformation at a crosshead speed of 0.5mm/min. 
 
 
 It is assumed that they are caused by the intergranular accumulation of intermetallics in 
the solder matrix. The results of detailed observations on the central portion of the Sn-Pb 
doped with SWCNT fracture surfaces reveals that there are many dimples and few 
cleavage facets on the fracture surfaces even at the most severe deformation conditions. 
On increasing the SWCNT reinforcement from 0.5 to 1 wt.% the number of small 
cleavage facets increases, as well as the number of dimples.  
The composite solders reinforced with nanotubes exhibited limited ductility as 
presented in section 3.12.14, and the corresponding fractographs can be seen in Figures 
3.39 (c) and (d). It indicates that after tensile deformation, the solder matrix adheres well 
to the nanotubes due to the highly ductile nature of the matrix alloy. Dimples were 
observed on the composite solder surfaces in the region between the nanotubes and the 
solder matrix. The nanotubes appeared to have been cut at the surfaces. From this 
observation, it can be inferred that the fracture took place in the solder matrix by void 
generation, propagation and finally shearing of the nanotubes adhered to the matrix. This 
indicates that strong interface bonding has been developed in the nanotube-reinforced 
solder composites.  
Figure 3.40 shows the scanning electron micrographs showing the fracture 
surfaces of (a) Sn-Ag-Cu, (b) Sn-Ag-Cu + 0.5 wt.% nano-nickel, (c) Sn-Ag-Cu + 1 wt.% 
nano-nickel, and (d) Sn-Ag-Cu + 2 wt.% nano-nickel. It shows that the initial material  








Figure 3.40 Typical scanning electron micrographs showing the fracture surfaces of (a) 
Sn-Ag-Cu, (b) Sn-Ag-Cu + 0.5 wt.% nano-nickel, (c) Sn-Ag-Cu + 1 wt.% nano-nickel, 
and (d) Sn-Ag-Cu + 2 wt.% nano-nickel, composite solders subjected to tensile 
deformation at a crosshead speed of 0.5mm/min. 
 
exhibited a typical ductile fracture showing deep equiaxed dimples (Figure 3.40 (a)). 
Ductile tensile fractures in most materials have a gray fibrous appearance with equiaxed 
or hemispheroidal dimples. This kind of fracture occurs through micro void formation 
and coalescence. Clearly there are two governing ductile rupture mechanisms, which will 
either compete or co-operate under different conditions leading to ductile failure. Near a 
generalized shear state of stress the presence and growth of voids does not play a 









governed by a simple shear deformation. This mechanism is often referred to as shear 




Figure 3.41 Typical Scanning electron micrographs showing the fracture surfaces of (a) 
Sn-Ag-Cu + 1 wt.% nano-molybdenum, (b) Sn-Ag-Cu + 2 wt.% nano-molybdenum, (c) 
Sn-Ag-Cu + 0.5 wt.% SWCNT, and (d) Sn-Ag-Cu + 1 wt.% SWCNT, composite solders 
subjected to tensile deformation at a crosshead speed of 0.5mm/min. 
 
After addition of nano-nickel particles to Sn-Ag-Cu solder, the samples also show a 
ductile fracture having dimples but these dimples were not as deep as those in the initial 
material. These shear dimples clearly show that the failure mode is shear ductile rupture. 
Shallow small-elongated shear dimples characterize this mode. As shown in Figure 3.40 











mainly features of deep cavity dimples together with some tear ridges. Both dimple-like 
characteristics and cleavage-like features can be seen in different areas on the fracture 
surfaces in the case of Sn-Ag-Cu solders reinforced with 2 wt.% of nano-nickel as shown 
in Figure 3.40 (d). Tensile fracture initiation could have started from interface area 
between the intermetallics and solder matrix. From the same SEM images it can be 
observed that the tensile fracture surface of the nano-nickel reinforced specimens contain 
some intermetallic particles. An EDS line scan analysis across the particle established the 
composition of the intermetallic particles to be Ag3Sn and Ni3Sn4. These intemetallic 
particles present on the fracture surface could be partially responsible for the reduction in 
the elongation of the composite solders. 
Figures 3.41 (a) and (b) show the fracture surfaces of nano-molybdenum 
reinforced Sn-Ag-Cu solders produced by uniaxial tensile tests performed at room 
temperature. It can be noticed that both the fractured surfaces exhibited multiple dimples. 
In addition, under these conditions the brittle intermetallic particles were found to shatter 
into multiple pieces as a result of the increasing stress build-ups at the matrix/particle 
interfaces. Fracture surfaces of the SWCNT reinforced Sn-Ag-Cu composite solder 
samples are shown in Figures 3.41 (c) and (d). The fracture images show that failure is 
transgranular and indicate that failure occurred at the dendritic boundaries, accounting for 
the observed limited elongation capability of the tensile specimen. 
 
3.14.19 Fracture mechanisms 
The detailed fracture behavior of the composite solder specimens were revealed 
by extensive fractographic observations. Scanning electron microscopy was performed at 





high magnification to probe the fractured specimens that were formed during tensile tests 
to failure. 
 
Fracture mechanism for Sn-Pb and Sn-Ag-Cu solder reinforced with nano particles 
The fracture mechanism process for composite specimens reinforced with nano-
particles can be well correlated with the observed fractographic results. In this 
investigation, particle or intermetallic fracture was less evident and void growth was less 
extensive. These observations indicate that the voids grow and coalesce rapidly with the 
subsequent reduction in strain to failure. Therefore, in contrast to the undoped composite 
specimens, in which it is suggested that void growth regulates the ductility of the 
materials, there are indications that void nucleations have a major impact on the tensile 
ductility of the composite solders. Under the influence of a far-field tensile load the fine 
microscopic voids appeared to have limited growth, confirming a possible contribution 
from particle constraint induced triaxiality on the failure of the composite matrix. Failure 
of the reinforcing particles such as nano-nickel and nano-molybdenum and the 
intermetallics such as Cu6Sn5, Ag3Sn and Ni3Sn4 can be governed by the joint influence 
of the local plastic constraints, particle size and agglomeration.  
The local plastic constraints are particularly important for the largest-sized 
particles and cluster during the fracture of the composite solder specimens [143]. The 
examination of the tensile-fractured specimens shown in Figures 3.39 and 3.40 reveal that 
the damage associated with fracture is highly localized at the nano-Ni, nano-Mo particles 
as well as at the Ni3Sn4 and Mo-Sn intermetallics, with little evidence of void formation 
away from the fractured particles and intermetallics. There are essentially three types of 





damage (cracking) modes, namely: cracking of the reinforcing particles and 
intermetallics, debonding at the solder matrix and intermetallic interfaces, and cracking 
of the matrix. Fracture of the nano-metallic intermetallics was observed to be greater in 
regions around the particles. Particle Clustering due to enhanced local stresses resulting 
from restriction of plastic deformation. The stress immediately adjacent to a reinforcing 
particle is a combination of stress components imposed by the macroscopic applied stress 
and the stress component that developed on a microscopic scale. 
 
Fracture mechanism for Sn-Pb reinforced with SWCNT composite solders 
It is evident from the fractographs shown in Figures 3.39 (c) and (d) that the 
direction of the internal cracks in the composites is normal to the tensile loading axis. 
Here no nanotube pullouts were observed. According to these findings, it is noted that the 
crack was initiated in the solder matrix and then propagated and sheared through the 
nanotube reinforcements. These findings are consistent with the strong interfacial 
bonding between the solder matrix and the nanotubes. 
According to Lloyd [141-144], there are three possible ways that fracture 
behavior can be observed in composite materials. (1) If the interface between the 
reinforcement and the matrix is weak, the crack can initiate and can propagate through 
the interface. (2) If the interface and the matrix are both strong, the reinforcement can be 
loaded up to the fracture stresses and then be cracked. (3) If the matrix is weaker than the 
interfacial and reinforcement strengths, the fracture may occur in the matrix by void 
coalescence and growth mechanism. In the present SWCNT-based composites, the 
fracture probably initiated in the relatively weaker solder alloy matrix rather than at the 





solder-nanotube interface or in the nanotube. The fracture can be initiated by void 
nucleation and propagation. When the crack reaches the nanotube-solder matrix interface, 
the nanotube-solder matrix interface do not separate due to the high interfacial bonding. 
Consequently high stresses will be developed at the nanotubes causing them to be 
sheared off when their failure stress is reached. 
 
Fracture mechanism for Sn-Ag-Cu composite solders doped with SWCNTs 
Typical FE-SEM micrographs of fracture surfaces at lower magnification with the 
various additions of nanotubes are shown in Figures 3.41 (c) and (d). As can be seen in 
the figure, the fractured surfaces of the composite specimens mainly consist of matrix 
dimples. These observations are consistent with those reported in the literature where 
MWCNTs were employed [147]. From the fractured surface, it is expected that SWCNTs 
are vertically aligned to the fracture surface during the tensile deformation of the 
composite solder specimens, as in the case of metal matrix composites, and this 
alignment might be one of the reasons for the increase in the strength of the composite 
solders. A similar effect has been observed in SiO2-based CNT composites [148].  
Figure 3.41 (d) shows that cracks run through the SWCNTs that remain in the matrix of 
the solders. It is evident that fracture occurred mostly by the failure of the matrix and not 
by the debonding of the interface between SWCNT and solder matrix. There is some 
evidence of partial debonding at the interface between Ag3Sn and the Sn-Ag-Cu solder 
matrix, but none at the interface between SWCNT and the solder matrix. Because of the 
high aspect ratio of SWCNTs, micro-cavities may form at the ends and this is one of the 
ways micro-cavities are formed inside the matrix. The Ag3Sn has the equiaxed grain 





shape, compared to SWCNTs. As the deformation increases, the micro-cavities that 
already exist in the matrix grow parallel to the tensile loading axis and the deformation 
becomes localized into intense shear deformation zones in which the Ag3Sn grains can be 
completely debonded to form voids. Subsequently, these voids in the shear deformation 
zones combine with the micro-cavities at the ends of the SWCNTs to cause the failure of 




Sn-Pb and Sn-Ag-Cu based nanocomposite solders were successfully synthesized 
by incorporating nano-size copper, nickel, molybdenum and SWCNTs through the 
powder metallurgy route. The microstructure, physical properties, and mechanical 
properties of the nanocomposite solders were obtained and investigated. 
The melting temperatures of the composite solders were observed to be decreased 
with the increasing weight fraction of nanotubes, due to the increase in the surface 
instability with the higher surface free energy rendered by the addition of SWCNTs. 
Addition of nano-particles resulted in slightly increasing the melting point of the 
composite solders by 3-4 °C. The resultant nanocomposite solders can be readily used in 
the existing soldering process. 
TMA analysis on composite solders showed that, thermal expansion coefficient 
decreases as a function of the added nano-particles and SWCNTs. This indicates that Sn-
Pb and Sn-Ag-Cu based composite solder materials exhibited better dimensional stability. 
When compared to the pure Sn-Pb and Sn–Ag–Cu solders, composite solders 
exhibit enhanced microhardness, yield strength, modulus and ultimate tensile strength, 





but the elongation to failure, % reduction in area of the composite specimens 
considerably decreased. The increase in the strength of the nanocomposite solder 
specimens, with respect to the weight fraction of nanoparticulate addition, can be 
attributed to the critical reduction in the average size/morphology of the secondary phases 
as revealed by the microstructural analysis of the composite solder specimens. The 
enhanced mechanical properties can also be due to the effective load transfer between the 
solder matrix and the nano-particulate additives. SEM fractographs of the composite 
solder specimens revealed the ductile fracture mode of the composites, which is 
characterized by dimples. 
 





Effects of Temperature and Strain Rate on Deformation 





Solder alloys serve as structural materials to connect electronic components to 
substrates. To ensure the reliability of solder joints, knowledge is required of the 
mechanical properties of the solders under the service conditions. Furthermore, in order 
to analyze the stress or strain distribution of solder joints subjected to mechanical or 
thermal loading, the stress–strain curves under various loading conditions should be 
determined. Many electronic components experience relatively severe temperature 
ranges, such as from −55 °C to 150 °C [149], it is important to clarify the mechanical 
behavior of the newly developed composite solders at various strain rates over a wide 
temperature range. There are many articles on the mechanical behavior of Sn–Pb eutectic 
solder (e.g., [150-151]), but only a few on lead-free solder alloy [152].  
The present study has focused on tensile tests carried out on the Sn-Pb, and Sn-
Ag-Cu based composite solder alloys at various strain rates from 10−5 s−1 to 10−1 s−1, over 
a temperature range from 25 °C to 125 °C, in order to investigate the effects of 
temperature and strain rate on the deformation characteristics of novel nano-composite 
solder alloys. Both temperature and strain rate may have a substantial effect on 2% offset 
flow stress, strain hardening coefficient, and strain hardening exponent. Empirical 
expressions for flow stress, strain and strain rate hardening have been developed in the 
present investigation for the novel nano-composite solders. The role of such data in stress 




analysis and modeling is considered and the paramount importance of employing data for 
conditions appropriate to service, is emphasized 
Noticeable attempts have been directed toward developing semi-empirical 
relations that describe the flow behavior of polycrystalline materials. Relationships 
proposed by Hollomon [153], Ludwik [154] and Swift [155] are the constitutive 
equations most commonly used to describe the true stress versus true strain behavior of 
these materials. The parameters involved in these constitutive equations have been used 
to investigate the underlying mechanisms and changs in microstructure that occur during 
deformation [156].  
The plastic flow behavior of many metals and alloys can be described by the 
Hollomon relation as follows: 
                                                                                  (4.1) nKεσ =
where K and n are fitting constants usually termed as strain hardening coefficient and 
strain hardening exponent, respectively. K and n are usually evaluated by plotting the 
stress–strain data on a double logarithmic plot and fitting a straight line at the higher 
strain levels. The slope of the line gives the value of n and the intercept at ε  = 1 gives the 
value of K. In an ideal case these two flow parameters should describe completely the 
shape of the true stress–strain curves. The value of K provides some indication of the 
level of the strength of the material and of the magnitude of forces required in forming, 
whilst the value of n correlates the slope of the true stress–true strain curve  
                                      ( ) )/(/ εσσε ddn =                                     (4.2) 
where )/( εσ dd  is the rate of work hardening, which provides a measure of the ability of 
the material to retard localization of deformation. It should be noted that the strain 




hardening parameters K and n are of considerable technological importance. The 
magnitudes of K and n depend on material and material condition. The n value is less 
than unity, and for metals it usually varies between 0.1 and 0.6, and increases with 
decreasing strength. K value varies between G/100 and G/1000, where G being the shear 
modulus [157-158]. The exponent n is an important parameter for two reasons. It 
signifies the strain hardening or work hardening characteristic of a material, that is, the 
higher the value of n, the higher is the rate at which the material work hardens. A 
material with a high value of n is preferred for processes which involve plastic 
deformation. The second reason for its significance is that it is an indicator of the stretch 
formability of a material. The larger the n value, the more the material can deform before 
instability, and the material can be stretched further before necking starts. This is so 
because n equals the true strain at the ultimate tensile strength, which is the limiting value 
of strain for uniform deformation. It is well known that the tendency to elastic spring-
back increases with increasing strength coefficient and with decreasing elastic stiffness. 
The value of the spring-back angle decreases with increasing value of the strain-
hardening exponent [159]. These constants, K and n, are widely used to assess behaviors 
in both uniaxial tension and compression tests at room temperature [160- 162]. 
 
4.2 Experimental  
Table 4.1 shows the Sn-Pb based, and Sn-Ag-Cu based composite solders 
investigated in the present study. Dog-bone type tensile specimens with a gage diameter 
and length of 5 mm and 25 mm, respectively were utilized. Tensile tests were conducted  
 




Table 4.1 Composite solder materials investigated in present study. 
Material Code Composition of material 
SP 63Sn-37Pb solder eutectic 
SP+0.5Cu Sn-Pb+ 0.5 wt.% nano-copper 
SP+1Cu Sn-Pb+ 1 wt.% nano-copper 
SP+1.5Cu Sn-Pb+ 1.5 wt.% nano-copper 
SP+2Cu Sn-Pb+ 2 wt.% nano-copper 
SP+0.5Ni Sn-Pb+ 0.5 wt.% nano-nickel 
SP+1Ni Sn-Pb+ 1 wt.% nano-nickel 
SP+1.5Ni Sn-Pb+ 1.5 wt.% nano-nickel 
SP+2Ni Sn-Pb+ 2 wt.% nano-nickel 
SP+0.5Mo Sn-Pb+ 0.5 wt.% nano-molybdenum 
SP+1Mo Sn-Pb+ 1 wt.% nano-molybdenum 
SP+1.5Mo Sn-Pb+ 1.5 wt.% nano-molybdenum 
SP+2Mo Sn-Pb+ 2 wt.% nano-molybdenum 
SAC Sn-3.8Ag-0.7Cu  
SAC+0.5Ni Sn-Ag-Cu+0.5 wt.% nano-nickel 
SAC+1Ni Sn-Ag-Cu+1 wt.% nano-nickel 
SAC+1.5Ni Sn-Ag-Cu+1.5 wt.% nano-nickel 
SAC+2Ni Sn-Ag-Cu+2 wt.% nano-nickel 
SAC+0.5Mo Sn-Ag-Cu+0.5 wt.% nano-molybdenum 
SAC+1Mo Sn-Ag-Cu+1 wt.% nano-molybdenum 
SAC+2Mo Sn-Ag-Cu+2 wt.% nano-molybdenum 





using an INSTRON machine at strain rates of 10-5 s-1 to 10-1s-1 under three different 
temperatures of 25°C, 75°C, and 125°C. Temperatures were controlled to ± 0.5°C by 
surrounding the loading train with a chamber which was heated by electrical resistance 
heaters. Strains were measured via a clip gauge extensometer across a 25mm gauge 
length. 
 
4.3 Results and discussion 
In general, the portion of true stress and true strain curve from the onset of 
yielding to maximum load may be described empirically by the Hollomon's relationship 
as shown in equation (4.2). 
The relationship can be also described as follows: 
                                            Kn logloglog += εσ                                                 (4.3) 
The true stress–true strain curves at log-log scale plotted for Sn-Pb and Sn-Ag-Cu based 
composite solders with varying weight fraction of nano-particles at different 
temperatures. By fitting the plastic flow curves to the equation (4.3), the flow stress and 
strain hardening parameters were determined in this investigation. 
The variation of the important deformation flow parameters such as 2% offset 
flow stress ( flowσ ), strain hardening coefficient (K), and strain hardening exponent (n) 
can be fitted well to an exponential expression of the form , where P is the 
property, and A and b are constants. 
bAP ε.=
 




4.3.1 Offset flow stress ( flowσ ) 
 
2% offset flow stress ( flowσ ) with strain rate for different composite solders at 
temperature ranges of 25ºC to 125ºC can be fitted well to an exponential expression of 
the form , where F is the 2% offset flow stress and A and b are constants. 
Representative graphs are found in Figures 4.1-4.12. 
bAF ε.=
 
The measured strain rate and temperature dependence of the 2% offset flow stress 
for Sn-Pb, and Sn-Ag-Cu based composite solders reinforced with nano-copper, nano-
nickel, and nano-molybdenum are plotted in Figures 4.1-4.12 below. From the figures, it 
can be seen that the variation of 2 % offset flow stress with the applied strain rate (ε ) at 
all temperature conditions for all the materials studied, can be fitted well by the 
Hollomon equation (4.1) σ = K. nε . Values of K and n obtained are given in Tables 4.2 
and 4.3. It is observed that 2% offset flow stress increases substantially with increasing 
strain rate in all the composite solders studied. Further, flow stress decreases with 
increasing temperature. The strain rate dependence of flow stress is stronger at higher 
temperatures for pure Sn-Pb and Sn-Ag-Cu solders, since rate dependent plasticity 
mechanisms such as dislocation climb are more active at higher temperatures. Since the 
contribution of creep relaxation decreases with increasing strain rate, flow stress 
properties are less sensitive to temperature at higher strain rates. This is significantly 
observed from the Figures 4.1-4.12.  
 
 














































Figure 4.1 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb solder. 










































Figure 4.2 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 1 wt% Cu solder. 
 














































Figure 4.3 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 1 wt% Ni solder. 
 









































Figure 4.4 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 1 wt% Mo solder. 
 
















































Figure 4.5 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 2 wt% Cu solder. 











































Figure 4.6 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 2 wt% Ni solder. 
 















































Figure 4.7 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Pb + 2 wt% Mo solder. 
 





































Strain rate (s-1)  
Figure 4.8 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Ag-Cu solder. 














































Figure 4.9 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Ag-Cu  + 1 wt% Ni solder. 
 






































Strain rate(s-1)  
Figure 4.10 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Ag-Cu +1 wt% Mo solder. 












































Figure 4.11 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Ag-Cu + 2 wt% Ni solder. 
 






































Strain Rate (S-1)  
Figure 4.12 Log-log plots of strain rate and temperature dependence of flow stress of Sn-
Ag-Cu + 2 wt% Mo solder. 
 



















25 182.5 0.26 
75 146.2 0.31 
 
Sn-Pb 
125 123.6 0.32 
25 162.7 0.19 
75 132.4 0.29 
 
SP+1Cu 
125 117.1 0.31 
25 146.6 0.17 
75 120.2 0.27 
 
SP+1Ni 
125 108.2 0.29 
25 140.6 0.15 
75 116.7 0.22 
 
SP+1Mo 
125 102.7 0.28 
25 137.5 0.16 
75 121.6 0.24 
 
SP+2Cu 
125 104.2 0.26 
25 135.4 0.14 
75 114.6 0.21 
 
SP+2Ni 
125 99.4 0.24 
25 130.7 0.12 
75 109.6 0.17 
 
SP+2Mo 
































25 78.2 0.08 
75 69.8 0.12 
 
 Sn-3.8Ag-0.7Cu 
125 58.5 0.13 
25 89.7 0.07 
75 82.1 0.10 
  
SAC+1Ni 
125 74.5 0.13 
25 103.4 0.06 
75 91.2 0.08 
 
SAC+1Mo 
125 87.1 0.12 
25 98.6 0.06 
75 94.2 0.09 
 
SAC+2Ni 
125 85.8 0.12 
25 109.8 0.05 
75 93.7 0.07 
 
SAC+2Mo 




4.3.2 Strain hardening coefficient (K) 
 
The variation of the strain hardening coefficient (K) with strain rate for different 
composite solders at temperature ranges of 25ºC to 125ºC can be fitted well to an 
exponential expression of the form , where K is the strain hardening coefficient 
and A and b are constants. The graphs are shown in Figures 4.13-4.24 and the values of A 
and b given in Tables 4.4 and 4.5. 
bAK ε.=
 






It can be seen from Figures 4.13-4.24 that the strain hardening coefficient K 
increases substantially with increasing strain rate in all the composite solders investigated. 
Furthermore, K decreases with increasing temperature. The strain rate dependence of K is 
stronger at higher temperatures for the pure solders, whereas it is lesser for composite 
solders reinforced with nano-molybdenum. K is also less sensitive to temperature at 























































Figure 4.13 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb solder alloy. 























































Figure 4.14 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 1 wt% Cu solder alloy. 
 



















































Figure 4.15 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 1 wt% Ni solder alloy. 






















































Figure 4.16 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 1 wt% Mo solder alloy. 
 
 



















































Figure 4.17 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 2 wt% Cu solder alloy. 























































Figure 4.18 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 2 wt% Ni solder alloy. 
 
 


















































Figure 4.19 Effect of temperature and strain rate on work hardening coefficient (K), for 
Sn-Pb + 2 wt% Mo solder alloy. 





















































Strain Rate (S-1)  
Figure 4.20 Effect of temperature and strain rate on Hollomon equation parameter of 
work hardening coefficient (K), for Sn-Ag-Cu solder alloy. 
 




















































Figure 4.21 Effect of temperature and strain rate on Hollomon equation parameter of 
work hardening coefficient (K), for Sn-Ag-Cu + 1 wt% Ni solder alloy. 























































Figure 4.22 Effect of temperature and strain rate on Hollomon equation parameter of 
work hardening coefficient (K), for Sn-Ag-Cu + 1 wt% Mo solder alloy. 
 



















































Figure 4.23 Effect of temperature and strain rate on Hollomon equation parameter of 
work hardening coefficient (K), for Sn-Ag-Cu + 2 wt% Ni solder alloy. 






















































Figure 4.24 Effect of temperature and strain rate on Hollomon equation parameter of 
work hardening coefficient (K), for Sn-Ag-Cu +2 wt% Mo solder alloy. 
 
 






K coefficient  
        (A) 
K exponent 
        (b) 
25 58.9 0.19 
75 46.8 0.21 
 
Sn-Pb 
125 38.1 0.22 
25 72.4 0.18 
75 57.9 0.2 
 
SP+1Cu 
125 46.7 0.24 
25 98.6 0.14 
75 79.4 0.17 
 
SP+1Ni 
125 66.1 0.18 
25 128.5 0.12 
75 107.4 0.14 
 
SP+1Mo 
125 98.8 0.17 
25 138.4 0.17 
75 109.4 0.18 
 
SP+2Cu 
125 81.3 0.21 




25 142.6 0.13 
75 119.8 0.17 
 
SP+2Ni 
125 112.7 0.19 
25 159.7 0.10 
75 140.3 0.11 
 
SP+2Mo 












       (A) 
K exponent 
        (b) 
25 164.7 0.14 
75 129.3 0.15 
 
 Sn-3.8Ag-0.7Cu 
125 102.9 0.16 
25 188.1 0.11 
75 136.4 0.14 
  
SAC+1Ni 
125 111.9 0.15 
25 202.4 0.10 
75 151.6 0.12 
 
SAC+1Mo 
125 120.7 0.14 
25 209.9 0.11 
75 148.5 0.13 
 
SAC+2Ni 
125 131.2 0.14 
25 228.5 0.09 
75 166.9 0.10 
 
SAC+2Mo 




4.3.3 Strain hardening exponent (n) 
 
The variation of the strain hardening exponent (n) with strain rate for different 
composite solders at temperature ranges of 25ºC to 125ºC can be fitted well to an 
exponential expression of the form , where A and b are constants. The bAn ε.=




representative graphs are shown in Figures 4.25-4.36 while the fitted constants A and b 
are given in Tables 4.6 and 4.7. 
From Figures 4.25-4.36, it can be seen that the strain hardening exponent n 
increases substantially with increasing temperature, and is highest in the case of nano-
nickel reinforced composite solders at higher strain rates.  
 















































Figure 4.25 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb solder alloy. 
 



















































Figure 4.26 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 1 wt% cu solder alloy. 
 















































Figure 4.27 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 1 wt% Ni solder alloy. 



















































Figure 4.28 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 1 wt% Mo solder alloy. 














































Figure 4.29 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 2 wt% Cu solder alloy. 



















































Figure 4.30 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 2 wt% Ni solder alloy. 
 














































Figure 4.31 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Pb + 2 wt%  Mo solder alloy. 



















































Figure 4.32 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Ag-Cu solder alloy. 
 














































Figure 4.33 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Ag-Cu + 1 wt% Ni solder alloy. 



















































Figure 4.34 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Ag-Cu + 1 wt% Mo solder alloy. 














































Figure 4.35 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Ag-Cu + 2  wt% Ni solder alloy. 

















































Figure 4.36 Effect of strain rate and temperature on strain hardening exponent (n) for Sn-
Ag-Cu + 2 wt%  Mo solder alloy. 
 
 







        (A) 
n exponent 
       (b) 
25 0.066 0.18 
75 0.061 0.21 
 
Sn-Pb 
125 0.056 0.24 
25 0.118 0.15 
75 0.109 0.2 
 
SP+1Cu 
125 0.072 0.22 
25 0.141 0.12 
75 0.128 0.15 
 
SP+1Ni 
125 0.116 0.18 
25 0.108 0.09 
75 0.095 0.13 
 
SP+1Mo 
125 0.089 0.15 
25 0.125 0.13 
75 0.117 0.16 
 
SP+2Cu 
125 0.079 0.18 




25 0.152 0.11 
75 0.137 0.14 
 
SP+2Ni 
125 0.122 0.15 
25 0.132 0.1 
75 0.117 0.12 
 
SP+2Mo 












        (A) 
n exponent 
       (b) 
25 0.142 0.12 
75 0.126 0.14 
 
 Sn-3.8Ag-0.7Cu 
125 0.114 0.16 
25 0.172      0.09 
75 0.158      0.12 
  
SAC+1Ni 
125 0.131      0.15 
25 0.184      0.1 
75 0.17      0.12 
 
SAC+1Mo 
125 0.113      0.11 
25 0.165      0.07 
75 0.153      0.09 
 
SAC+2Ni 
125 0.141      0.12 
25 0.153      0.09 
75 0.122      0.1 
 
SAC+2Mo 




4.3.4 Derivation of empirical formulae 
 
In most reported solder properties, only the temperature dependent mechanical 
properties of solder alloys have been presented as linear equations with respect to 
temperature. It is not adequate just to use existing temperature dependent mechanical 
properties to understand the failure of solder joints and the reliability of surface mount 




assemblies. The solder properties are dependent both on temperature and strain rate, and 
it would be very useful to curve-fit the wide range of test results into a single equation 
that is temperature and strain rate dependent. So using our experimental data, a statistical 
method incorporating multiple linear regression was employed to identify the temperature 
and strain rate dependent mechanical properties of Sn-Ag-Cu based composite solders. 
 Based on the experimental results, it can be assumed that the 2% offset flow stress 
strain hardening coefficient (K), and the strain hardening exponent (n) are related to the 
temperature and strain rate by empirical equations. To fit the experimental data, bi-linear 
constitutive models were established and expressed individually as follows. 
 
4.3.4.1 Empirical equations of 2% offset flow stress 
Empirical equations for temperature and strain rate dependent 2% offset flow 
stress can be expressed in the form: 
( )( , ) ( ). Tflow T T
ψσ ε ξ ε=  MPa                    (4.4) 
where 1 2( )T bT bξ = + , 3( )T b T b4ψ = + , and b1, b2, b3 and b4 are constants. T is 
temperature in ºC, and ε  is strain rate. The expressions 1( )T bT b2ξ = + and 
3 4T b T b( )ψ = +  represent the temperature dependence of the coefficient and exponent, 
respectively.  
Empirical formulae obtained for the 2% offset flow stress of various solder 
solders and solder composites investigated in this study are given below: 
For Sn-Ag-Cu solder: 
                           MPa              (4.5) 
5(1.8*10 0.064)( , ) ( 0.34 95.6) Tflow T Tσ ε ε − += − + 





For Sn-Ag-Cu + 1 wt%  Ni solder: 
                          MPa              (4.6) 
4(2.2*10 0.059)( , ) ( 0.29 110.3) Tflow T Tσ ε ε − += − + 
For Sn-Ag-Cu + 1 wt%  Mo solder: 
                         MPa               (4.7) 
6(7.2*10 0.039)( , ) ( 0.23 120.8) Tflow T Tσ ε ε − += − + 
 
For Sn-Ag-Cu + 2 wt%  Ni solder: 
                         MPa               (4.8) 
4(8.6*10 0.047)( , ) ( 0.36 115.1) Tflow T Tσ ε ε − += − + 
For Sn-Ag-Cu + 2 wt% Mo solder: 
                          MPa              (4.9) 
6(8.9*10 0.026)( , ) ( 0.19 124) Tflow T Tσ ε ε − += − + 
 
4.3.4.2 Empirical equations of strain hardening coefficient (K) 
Empirical equations for temperature and strain rate dependent strain hardening 
coefficient can be expressed in the form: 
                                                  MPa                     (4.10)  ( )( , ) ( ) TK T T ϕε θ ε= 
where 1 2( )T c T cθ = + , 3( )T c T c4ϕ = + , and c1, c2, c3 and c4 are constants. T is 
temperature in ºC, and ε  is strain rate.   
The empirical formulae obtained for the various solders and solder composites 
investigated in this study are given below: 
For Sn-Ag-Cu solder: 
                                  MPa      (4.11) 
4(2*10 0.12)( , ) ( 0.46 175.8) TK T Tε ε − += − + 





For Sn-Ag-Cu + 1 wt% Ni composite solder: 
                                 MPa       (4.12) 
4(3*10 0.09)( , ) ( 0.41 196.2) TK T Tε ε − += − + 
For Sn-Ag-Cu + 1 wt% Mo composite solder: 
                               MPa        (4.13) 
5(4*10 0.08)( , ) ( 0.32 212.4) TK T Tε ε − += − + 
For Sn-Ag-Cu + 2 wt% Ni composite solder: 
                              MPa          (4.14) 
5(9*10 0.1)( , ) ( 0.38 217.5) TK T Tε ε − += − + 
For Sn-Ag-Cu + 2 wt% Mo composite solder: 
                             MPa          (4.15) 
7(9*10 0.06)( , ) ( 0.25 243.2) TK T Tε ε − += − + 
 
4.3.4.3 Empirical equations of strain hardening exponent (n) 
Empirical equations for temperature and strain rate dependent strain hardening 
exponent n, can be expressed in the form: 
                                            ( )( , ) ( ) Tn T T φε β ε=                               (4.16)      
where   1 2( )T a T aβ = + , 3( )T a T a4ϕ = + , and a1, a2, a3 and a4 are constants. T is 
temperature in ºC, and ε  is strain rate.   
Empirical formulae for the strain hardening exponent (n) have been obtained for 
solders and solder composites investigated in this study and are given below: 
For Sn-Ag-Cu solder: 
                                                (4.17) 
5(4*10 0.09)( , ) ( 0.082 0.11) Tn T Tε ε − += − + 
For Sn-Ag-Cu + 1 wt% Ni composite solder: 
                                                  (4.18) 
5(9*10 0.07)( , ) ( 0.076 0.14) Tn T Tε ε − += − + 




or Sn-Ag-Cu + 1 wt% Mo composite solder: 
                (4.19) 
t% Ni composite solder: 
                 (4.20) 
t% Mo composite solder: 
                   (4.21) 
 Effect of temperature on modulus of composite solders 
modulus of Sn-Pb based 
omposite solders reinf
the values reported in the literature [163].  
 
F
                                (8( , ) ( 0.043 0.16)n T Tε ε= − +  6*10 0.09)T− +
For Sn-Ag-Cu + 2 w
                               ( , ) ( 0.069 0.15)n T Tε ε= − +  5(2*10 0.05)T− +
For Sn-Ag-Cu + 2 w





Figure 4.37 presents the effect of temperature on elastic 
c orced with nano-copper, nano-nickel, and nano-molybdenum 
particles. As can be seen, the modulus decreases with temperature in a linear manner. 
Two trends are noted. Firstly, the slope of each curve is different for each reinforcement 
and increases with increasing temperature. Another trend observed is that the variation in 
modulus is larger at higher temperatures than at the lower temperatures. This is expected 
as the creep deformation makes larger contribution to the strength reduction at higher 
temperatures. At lower test temperatures, the creep deformation is expected to be smaller. 
Figure 4.38 presents the effect of temperature on elastic modulus of Sn-Ag-Cu and its 
composite solders reinforced with nano-nickel, and nano-molybdenum. Similar trends are 
observed as in the case of Sn-Pb based composite solders. Variation of modulus with 
temperature for Sn-Pb is obtained as E = -0.089T+31.9, which is in good agreement with 
























 E = -0.0893T+31.926
 E = -0.0811T+32.229
 E = -0.0786T+33.355
 E = -0.0704T+34.485
 
Figure 4.37 Modulus–temperature plot of Sn-Pb composite solders at different 
temperatures. 



























Figure 4.38 Modulus–temperature plot of Sn-Ag-Cu based composite solders at different 
temperatures. 
 




 solder the modulus dependence on temperature was obtained as E = -
.057T+46.2, which agrees well with the values reported in the literature [164] as shown 
Table 4.8: Details of the temperature dependence of modulus of Sn-Pb, Sn-Ag-Cu solders 
rature. 
 
older Test Method Temperature Temperature (T ºC) 






in Table 4.8. From the recent publications, some data of modulus dependence of 
temperature for Sn-Pb, Sn-Ag, pure Sn and Sn-Ag-Cu solders are presented in Table 4.8, 
along with the details of testing conditions and range of temperatures investigated. In the 
present study the temperature range of investigation was –45ºC to 125ºC to mimic the 
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4.3.6 Strain rate sensitivity (m) 
The strain rate sensitivity, m, is defined as the slope of the double logarithmic plot 
ge as follows 
 
 
of flow stress versus strain rate ran
σ
εlogd          (4.22) 
where m is the strain rate sensitivity,
logdm =             
 ε  is the strain rate and σ is the flow stress. 
Figure 4.39 shows the plastic strain rate de s as an example 
e at each 
temper
ature is shown in Figure 4.39. As can be seen, m decreases with increasing 
reinforc
pendence of flow stres
for Sn-Pb solder in logarithmic scales at 25–125ºC. The data fit a regression lin
ature and the slope of the line gives the strain rate sensitivity, m. The values of m 
were calculated to be 0.26, 0.31 and 0.32 for Sn-Pb solders deformed at temperatures of 
25, 75 and 125ºC, respectively. The strain rate sensitivity values of Sn-Pb solder 
deformed at room temperature is in agreement with the values reported in the literature 
[170]. 
The variation of strain rate sensitivity, m, with nano-particle addition at room 
temper
ement volume fraction in all the cases of reinforcements studied in this 
investigation.  






























Figure 4.39 Variation of strain rate sensitivity with concentration of nano-particle 
reinforcement. 
 
 The Sn-Ag-cu solder exhibited a very low m value of 0.08. This is comparable 
with the values reported in the literature for Sn-Ag-Cu solder [171].  
It can be demonstrated from Tables 4.2 and 4.3 that, at all strain rates examined, 
the eutectic Sn-Pb solder alloy has a greater sensitivity to temperature than either the Sn-
Ag-Cu solder or composite solders reinforced with nano-particles.  
Generally, superplasticity is observed when m is equal to or greater than 0.3 [172]. 
The m values for Sn–Ag-Cu are less than 0.3 in all the temperature ranges investigated in 
this study. Therefore, superplastic behavior did not occur in the case of Sn-Ag-Cu and its 
nano-particle reinforced solders. In contrast, the m value of Sn–37Pb exceeded 0.3 at 
75ºC and at 125ºC in the case of Sn-Pb+1 Cu solder. This means superplastic behavior 
occurred at 75ºC for the Sn–37Pb solder, and at 125ºC for the Sn-Pb+1 wt.% nano-
copper solder. In fact, the Sn–37Pb solder did not fracture in the 75ºC test, even though 




the cross-head reached the limit of its extension. In addition, the m value of Sn–37Pb 
increased significantly with the homologous temperature. This indicates that the necking 
resistance of Sn–37Pb increased with increasing temperature. 
Both the nano-particle weight fraction and temperature may have a substantial 
influence on the measured strain rate sensitivity of Sn-Pb, and Sn-Ag-Cu based solder 
alloys.  Reduction in weight fraction of nano-sized particles or increase in testing 
temperate leads to increase in strain rate sensitivity. It can be clearly observed that nano-
molybdenum addition in both cases of Sn-Pb, and Sn-Ag-Cu based composites 
effectively suppressed the strain rate sensitivity at all the temperatures investigated. Sn-
Pb+2Mo composite solder deformed at 125ºCexhibited m of 0.20 which is lower than the 
value exhibited by Sn-Pb solder even at room temperature.  Lower strain rate sensitivity 
is desirable for higher creep resistance properties, and it can be found that nano-
molybdenum addition had great influence in significantly reducing the strain rate 
sensitivity than nano-nickel and nano-copper addition in all the ranges of temperatures 
investigated. 
Decreasing strain rate sensitivity with increasing nano-particle addition or 
decreasing grain size was related to the interaction of dislocations with grain boundary 
ledges and the surrounding mantle region [173]. An increase in grain size increases the 
flow stress and decreases the strain rate and/or temperature where high rate sensitivity 
occurs. As with many other issues, grain translation via boundary sliding is taken to be 
the reason for this, although unless something like grain boundary thickness is involved, 
there is nothing to scale the grain size directly in boundary sliding. In the absence of such 
scaling, there is no reason why a coarse-grained material should be less susceptible to 




boundary sliding than a fine-grained one. Grain size can enter into scaling relationships 
when factors such as diffusion or dislocation activity are introduced either as direct 
deformation mechanisms or as mechanisms accommodating grain translation. A scaling 
could arise if intragranular slip (dislocation glide) were involved. In such deformation, 
dynamic recovery gives raise to a substructure, which at high temperatures degenerates 
into low-angle, subgrain, boundaries. The length scale of that substructure is generally 
linked to the temperature and strain rate of the deformation. That length scale could 
provide the approximate upper limit for a superplastic grain size under the same 
temperature and strain rate conditions [174-176]. There would need to be some 
distinction between a boundary that could be classed as substructural and one that is a 
grain boundary, and this distinction would largely depend on misorientation angle. The 
same issue would arise if boundary sliding were the principal deformation mechanism, as 
a higher-angle boundary would be more capable of sliding than a low-angle one. A 
common assumption is that a misorientation angle of about 15° differentiates low- and 
high-angle boundaries. If the grain size by any reasonable measure, determines flow 
stress in superplastic deformation, then the results given above indicate that a rather 
lower discrimination angle would be appropriate. Taking lower-angle boundaries into 
account allows the initial “transient” strain hardening behavior in Sn-Pb solder alloy to be 
included in a framework where the grain size determines the flow stress in superplasticity. 
In their work on AA8090, Kashyap et al. [177-178] proposed that the initially 
banded and “unrecrystallized” microstructure undergoes continuous dynamic 
recrystallization during superplastic deformation and this is accompanied by a decrease in 
plastic anisotropy, and an approach to a random texture. While these initial 




microstructural changes were attributed to the dominant role of dislocation mechanisms, 
once recrystallization is complete it was proposed that the main deformation mechanism 
was grain boundary sliding.  
The trend of the decreasing m value and the increasing Q-value with decreasing 
strain rate and increasing nano-particle reinforcement content has often been related to 
the existence of a threshold stress σth for several metal matrix composites [179-181]. 
Because the deformation due to grain boundary sliding (GBS) does not occur at stresses 
<σth, the strain rate rapidly decreases as the applied stress approaches the σth-value, 
resulting in a decrease in the m value [182]. 
During deformation by GBS in a polycrystalline matrix, stress concentrations 
must be exerted around multiple grain boundary junctions and ledges. Thus, for 
continuous deformation by GBS, a concomitant accommodation of the stress 
concentrations is required through diffusion processes along the boundaries and/or 
through grains or by plastic deformation. For ceramic materials, it has generally been 
believed that the accommodation process predominantly occurs through diffusion-related 
mechanisms [183-185] and not through intragranular dislocation motion [186-187]. This 
is because (i) the grains of nano intemetallic particles in the solder matrix have been 
regarded as rigid bodies, and (ii) the flow stresses of fine-grained ceramics are lower as 
compared with those for slip deformation in single crystals. 
However, the intragranular dislocations were frequently observed, particularly 
around multiple grain junctions. This result suggests that (i) nano-particle second phase 
and nano-intermetallics such as Cu6Sn5, Ni3Sn4 are not perfectly rigid but are plastically 
deformable to some extent, and (ii) significant stress concentrations sufficient to nucleate 




intragranular dislocations should be exerted around the junctions by GBS even at the 
present loading. As generally noted in earlier studies [183-184], diffusional processes 
would, of course, cause the relaxation of the stress concentrations at elevated 
temperatures. The existence of dislocations indicates, however, the stress concentrations 
cannot fully be relaxed only by diffusional processes and, accordingly, another 
accommodation process due to dislocation motion must be necessary. 
The noticeably activated dislocation motion strongly suggests that, for the present 
composite, significant stress concentrations must also be exerted around multiple grain 
junctions and ledges by the predominant GBS mechanism. The stress level can roughly 
be estimated from the bow-out (B) and pile-up (P) dislocation substructures. The stresses 








uppile )1( υπτ −=−                 (4.24) 
where τ is the shear stress acting on the slip planes of the bow-out and pile-up 
dislocations, G is the shear modulus, b is the Burgers vector, ν is Poisson’s ratio, l is the 
pining distance of the bowing dislocation, L is the pile-up length, and N is the number of 
pile-up dislocations. 
For further deformation by the dislocation-accommodated GBS process, a 
continuous recovery process of the intragranular dislocations is necessary at grain 
boundaries and/or through the grains. Thus, one can conclude that the rate of high-strain-




rate plastic deformation is controlled by the dislocation recovery process limited by the 
lattice diffusion either within solder matrix or the nano intermetallic grains. 
 
4.3.7 Strain hardening exponent (n) 
 
Holloman’s equation is widely used to describe strain-hardening behavior of 
metals and alloys under plastic deformation. The strain-hardening exponent of an alloy is 
an important parameter because it defines the work-hardening capacity of the material 
when it is plastically deformed. Variation of the strain-hardening exponent n with weight 
fraction of nano-particle content is shown in Figure 4.40. As can be seen, n initially 
increases rapidly with increase of nano-particle reinforcement but more gradually for 
higher concentrations. The same trend was observed for all the reinforced solder 
composites investigated except for nano-molybdenum which appears to decrease after 1 
wt% or nano-molybdenum addition. Strain hardening exponent for Sn-Pb was measured 
as 0.019, which value is in good agreement with data published in the literature [189]. 
Strain hardening exponent for Sn-Ag-Cu was calculated as 0.062, which is in good 
agreement with the previous studies [190]. 





































Figure 4.40 The effect of nano particle addition on the strain-hardening exponent. 
 
 
It can be observed from Tables 4.6 and 4.7 that the strain hardening exponent 
decreased with increasing temperature in all the case of nano-composite solders 
investigated. It is interesting to note that the reduction in strain hardening exponent is 
least in the case of nano-molybdenum reinforced composite solders than the other 
composite solders.  
Composite solder strain hardening might be due to several factors: (i) plastic 
incompatibility between the matrix and the second phase reinforced particles, (ii) higher 
dislocation density in the matrix which makes the matrix stronger, (iii) precipitation 
strengthening of the matrix and (iv) the matrix gets plastically constrained due to 
presence of rigid nano-intermetallic particles. The dislocation density in the matrix 




increases with increase in weight fraction of nano-particulate content [191-193]. 
Additionally, the flow of the matrix gets more restricted when nano-particulate 
intermetallic content increases because of decrease in inter-particle spacing. These 
intermetallics cause significant strengthening through resisting the plastic flow and 
arresting the crack propagation.  
The strain hardening exponent largely depends on the microscopic flow behavior 
of the alloy, which is strongly dependent on the dislocation density. In the case of a 
composite, the dislocation density in the matrix is expected to be higher than that of the 
base alloy and thus the strain-hardening exponent would be expected to increase in 
magnitude. This is exactly what was observed in the present study.  
While strain-hardening is thought to be a result of interactions between 
dislocations, several authors [194] have pointed out that the interactions between 
dislocations and nano-intermetallic particles such as Cu6Sn5, Ni3Sn4 and Ag3Sn can also 
contribute to the strain-hardening effect. Therefore, it is quite likely that the interactions 
between dislocations and second phase particles of the solder matrix have contributed to 
the strain-hardening effect in composite solders. TEM studies have shown that the solder 
matrix of composite solders contains dislocations and the density of dislocations 
increases as the weight fraction of nano-particle additives increases. For room 
temperature deformation of the composite solder, the volume fraction of second phase 
particles is higher and more grain boundaries exist. Since these grain boundaries often act 
as a dislocation source, the total dislocation densities will be higher. Thus the interactions 
between dislocations and nano-intermetallic atoms will be considerably more intense and 




this has contributed to the relatively higher values of strain-hardening exponent in nano-
particle reinforced composite solders. 
On the other hand, the intemetallic particle size (the mean free path of dislocation) 
increases with temperature. Coarser second phase particles are formed at higher 
temperatures. It is well known that the interfaces between particles act as obstacles for 
dislocation motion [195-197]. Larger particle sizes within a certain area lead to fewer 
interface areas. The reduced number of dislocation sources and obstacles to dislocation 
motion in coarser intermetallic particles resulted in weaker interactions between 
intemetallic atoms and dislocations. Consequently, with increase in temperature, the 
volume fraction of intermetallics decreases, the interaction between dislocations and 
second phase atoms become weaker, and the strain-hardening exponent decreases. 
 
4.3.8 Stress exponent (n) 
Figures 4.41-4.45 show the relationship between true strain rate and true stress 
obtained from the strain rate change tests conducted at 25ºC.  The slope of each line fitted 
to the data gives the stress exponent, n. Moreover, the strain rate sensitivity, m, is given 
by 1/n. The stress exponents of Sn-Pb solder are stable in the temperature range from 25 
to 125 °C. These are similar to the values obtained in previous studies [198]. The n 
values of Sn-3.5Ag-0.75Cu are also stable at the temperatures investigated and are are 
similar to [13] at 25 °C for Sn-3Ag-0.5Cu in a previous study [199-200]. The stress 
exponents of composite solders are relatively high, although they decrease with 
increasing temperature. Therefore, the influence of the temperature on the stress 




exponents of composite solders reinforced with nano-nickel and nano-molybdenum was 

































































Figure 4.42 Strain-rate change test results for Sn-Pb + nano-Ni based composite solders. 



































































Figure 4.44 Strain-rate change test results for Sn-Ag-Cu + nano-Ni based composite 
solders. 
 


































Figure 4.45 Strain-rate change test results for Sn-Ag-Cu + nano-Mo based composite 
solders. 
 
Figures 4.46 and 4.47 show the variation of stress exponents of Sn-Pb and Sn-Ag-
Cu based composite solders, respectively, with the weight fraction of nano-particle 
reinforcement. As can be seen, the stress component increases with the concentration of 
the nano-particle reinforcement. 



























Figure 4.46 Variation of stress exponent of Sn-Pb based composite solders at ambient 
temperature (25 °C) with concentration of nano-particle reinforcement. 























Figure 4.47 Variation of stress exponent of Sn-Ag-Cu based composite solders at ambient 
temperature (25 °C) with concentration of nano-particle reinforcement. 
 




The higher value of n obtained in the present work denotes a contribution of the 
reinforcement to the stress exponent. This increase can be explained considering two 
processes which may or may not act simultaneously in the composites:  
(a) The interaction between the dispersoid and dislocations moving in the matrix  
 This can be modelled by introducing a threshold stress necessary for a dislocatioin 
to overcome a dispersoid. This model has been successfully applied in oxide-dispersion-
strengthened (ODS) materials with low volume fraction of submicron particles [201]. In 
the present study, this strengthening should be provided by the fine nano-intermetallic 
dispersion at the original solder matrix boundaries. This solder matrix contained a fine 
dispersion of uniformly distributed Ni3Sn4, Cu6Sn5, Ag3Sn intermetallic particles. This 
dispersion of nano-intemetallics significantly increases the n values in the temperature 
range 25–125 °C, ranging between 12 and 20 for Sn-Ag-Cu based composite solders. 
 
(b) Nano-intemetallic particles strengthen the matrix by load transfer.  
This mechanism predominates in metal matrix composites with high volume fractions 
of supra micron particles. Breakage of nano-intermetallic particles, especially of coarse 
particles, indicates that this mechanism contributes to harden the material. Fracture of 
coarse particles results from the good bonding in the solder/intermetallic interface and 
from the difficulty of crack propagation through the solder matrix in the stress applied 
direction. Progress of cracks throughout hard second phase particles results in an increase 
of the ductility, since propagation of the crack is delayed or even arrested. The fact that 
cracking was only observed in coarse particles suggests that there is a critical second 




phase particle size below which the crack can surround the particle and propagate 
through the matrix. 
An increase in the stress exponent of nano-particle reinforced composite solders is 
expected by decreasing either the grain size of the alloy through a mechanical alloying 
process or by mixing finer second phase particles to the solder matrix.  
Moreover, at higher weight fractions of nano-particle content, n increases with 
increasing stress. This agrees with the findings by Yavari and Langdon [202], Zhu et al. 
[203] and Horita et al. [204-205]. Yavari and Langdon [202] showed that this transition 
from a power law with the exponent of 3 to an exponential function with increasing stress 
arises from the change in dislocation control mechanisms, i.e. from glide control to climb 
control of dislocation motion. The transition stress of the deformation controlling 
mechanism from glide control to climb control can be calculated using the solute drag 
theory. The transition stresses that are the sum of the transition effective stress calculated 
by the equation developed by Horita and Langdon [204], σe, and the athermal stress 
arising from the dislocation interaction (σρi) is approximately 78 MPa for Sn-Ag-Cu 
solder reinforced with 2 wt.% of nano-molybdenum. This value is consistent with the 
critical stress for change in shape of the flow stress–strain curves, i.e. with and without a 
peak in stress versus strain curve. 
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4.3.9 Fracture surface analysis of Sn-Pb solders 
The fracture surfaces were analyzed by scanning electron microscopy, utilizing a 
Hitachi FE-SEM S-4300. The area of the fracture surface towards the middle of the width 
of the specimen was the main area of investigation. The fractographic features of ambient 
and elevated temperature tensile fracture surfaces of Sn-Pb solders at different strain rates 
are shown in Figures 4.48 (a-f).  
A comparison of these fractographic features with those at strain rates of 10-1/s 
and 10-3/s is shown in Figures 4.48 (a) and (b). For the highly ductile Sn-Pb solder 
specimens: deformed at a strain rate of 10-1/s at room temperature exhibited the uniform 
small size dimples typical of ductile tensile fracture, while the SEM fractograph of the 
Sn-Pb specimen deformed at a bit lower strain rates of 10-3/s characterized by pockets of 
spherical dimples in the matrix. A clear change was observed on the fracture surface of 
the specimen deformed at a strain rate of 10-5/s at 25ºC. The very fine and shallow 
dimples could still be observed, but the areas of large dimples were substituted by long 
tear ridges which appear to be ductile in nature, but which do not show crack nucleation 
at the precipitate particle sites and therefore do not have the classical appearance of micro 
void coalescence (Figure 4.48c). 
Figures 4.48 (d)-(f) show fracture surfaces of the Sn-Pb solder alloy deformed at 
different deformation conditions at elevated temperatures. The fracture surface is typical 
ductile transgranular fracture characterized by dimples with different sizes when the Sn-
Pb solder alloy was deformed at 75 °C with the strain rate of  10−2 s−1, as shown in Figure 
4.48 (d). The fracture surfaces of the Sn-Pb solder alloy, which was deformed at 125°C 
with the strain rate of 10-3s−1, was ductile intergranular (or inter-subgranular) 
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characterized by relatively smooth surfaces revealing the initial grain structure (see 
Figure 4.48 (e)). However, the fracture surface possesses of the characteristics of ductile 
transgranular cleavage-like fracture zones with areas of shallow microvoid coalescence 
and minor regions of intergranular fracture were also observed, when deformation 
temperature was 125 °C at the strain rate of 10-5 s−1, as shown in Figure 4.48 (f). 
 
4.3.9.1 Fracture surface analysis of Sn-Pb composite solder reinforced with nano-
copper 
The fractographic features of ambient and elevated temperature tensile fracture 
surfaces of Sn-Pb + 1 wt% Cu, and Sn-Pb + 2 wt% Cu solders at different strain rates are 
shown in Figures 4.49 (a-f). Fracture surfaces of Sn-Pb solder reinforced with 1 wt.% of 
nano-copper, deformed at 25 °C with the strain rate of  10-1 s-1 and deformed at 75°C at a 
strain rate of 10-3 s-1 showed in Figures 4.49 (a) and (b), respectively. The fracture 
surfaces of both specimens contain dimples, a typical feature of ductile fracture. Some 
differences between the fracture surfaces of high and low strain rate specimens were 
observed. The fracture morphology of specimens that failed at higher quasi-static rates 
and at ambient temperature (Figure 4.49a) is characterized by well-formed voids centered 
mostly around the damaged second phase particles, with thin matrix ligaments between 
the primary voids. In contrast, the fracture surfaces of specimens that failed at lower 
strain rates at higher temperature (Figure 4.49b) were covered with large and small 
shallow voids. The matrix between neighboring voids was almost ruptured by the 
formation of smaller dimples. An image analysis of the fracture surfaces shows that the 
diameter of the central deep voids on the fractured surfaces decreases with increasing 
strain rate and increasing temperature. The Sn-Pb composite solders reinforced with 1  
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Figure 4.48 Scanning electron micrographs showing the tensile fracture surfaces of Sn-Pb 
solder specimens subjected to uniaxial tensile deformation at: (a) 10-1/s at 25°C, (b) 10-3/s 
at 25°C, (c) 10-5/s at 25°C, (d) 10-2/s at 75°C, (e) 10-3s at 125°C, and (f) 10-5/s at 125°C. 
 
 
wt.% nano-copper, deformed at 125 °C with the strain rate of 10−5 s−1 exhibited fracture 
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appearance (Fig 4.49c) these areas correspond to fracture associated with Cu6Sn5 
intermetallics in the Sn-Pb solder matrix. 
 
Typical fracture surfaces of Sn-Pb solder reinforced with 2 wt.% of nano-copper 
deformed at different temperatures and different strain rates, are shown in Figures 4.49 
(d-f). The fracture surface of Sn-Pb + 2 wt% Cu solder deformed at 25 °C at a strain rate 
of  10−1 s−1, revealed the presence of many shallow dimples on the fracture surface as 
shown in Figure 4.49 (d). This fracture mechanism follows the model of micropore 
nucleation, growth and accumulation. Mainly due to large differences of properties 
between nano-intermetallic particles and solder matrix, voids will be firstly formed on the 
matrix–particle interface, and then the voids grow and coalesce to form large voids in the 
direction of loading, and finally, the large voids coalesce in rows and complete fracture 
occurs. 
 
The fracture surface of Sn-Pb + 2 wt% Cu composite solder deformed at 75 °C 
with the strain rate of  10−3 s−1 showed fracture features containing ductile features as 
well as transgranular cracking (Figure 4.49 e). It can be seen from Figure 4.49 (f), the 
fracture surface of Sn-Pb + 2Cu deformed at 125°C at a strain rate of 10−5 s−1, consists of  
(i) flat facets that may be associated with brittle fracture of a second-phase particle such 
as nano-Cu6Sn5, (ii) areas of dimple rupture with flat areas with some evidence of 









Figure 4.49 Scanning electron micrographs showing the tensile fracture surfaces of Sn-Pb 
+ 1 wt% Cu composite solder specimens subjected to uniaxial tensile deformation at: (a) 
10-1/s at 25°C, (b) 10-3/s at 75°C, and (c) 10-5/s at 125°C; Sn-Pb + 2 wt% Cu solder 
specimens subjected to uniaxial tensile deformation at: (d) 10-1/s at 25°C, (e) 10-3/s at 
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4.3.9.2 Fracture surface analysis of Sn-Pb reinforced with nano-nickel composite 
solders 
The fractographic features of ambient and elevated temperature tensile fracture 
surfaces of Sn-Pb + 1 wt% Ni, and Sn-Pb + 2 wt% Ni solders at different strain rates are 
shown in Figures 4.50 (a-f). The fracture surface of Sn-Pb+1Ni deformed at 25 °C with 
the strain rate of 10-1 s-1 revealed predominant dimple rupture along the grain boundaries 
with some fracture across the grains as shown in Figure 4.50 (a). The fracture surface of 
Sn-Pb+1Ni composite solder deformed at 75 °C at a strain rate of 10-3 s-1 mainly 
consisted of shallow microvoids with some regions of larger dimples initiated at coarse 
Ni3Sn4 intermetallic particles, as shown in Figure 4.50 (b). The fracture surface of Sn-
Pb+1Ni composite solder deformed at 125 °C at a strain rate of 10-5 s-1 is shown in Figure 
4.50 (c). The fracture surface is composed of deep holes and small dimples. Obviously, 
the size of holes and dimples are rather different. Small dimples mainly distribute along 
grain boundaries, while large holes are situated in the center of specimen.  
Typical fracture surfaces of 2 wt.% of nano-nickel reinforced Sn-Pb composite 
solders deformed at different temperatures and different strain rates, are shown in Figures 
4.50 (d-f). For Sn-Pb + 2 wt% Ni composite solder, the SEM micrograph of the specimen 
deformed under a strain rate of 10-1 s-1 at 25ºC exhibited the shallow dimple fracture 
surface, as shown in Figure 4.50 (d). Under strain rate of 10-3 s−1 at 75ºC, the evolution of 
the fracture surface is different, as shown in Figure 4.50 (e). Although the fracture 
surface still consisted of holes and dimples, cleavage lamellae could be found in the core 
of large holes. At the same time, composite structures formed by dimples interlacing with 
quasi-cleavage morphology is also observed. The damage morphology of Sn-Pb + 2 wt%  
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Figure 4.50 Scanning electron micrographs showing the tensile fracture surfaces of Sn-Pb 
+ 1 wt% Ni composite solder specimens subjected to uniaxial tensile deformation at: (a) 
10-1/s at 25°C, (b) 10-3/s at 75°C, and (c) 10-5/s at 125°C; Sn-Pb + 2 wt% Ni solder 
specimens subjected to uniaxial tensile deformation at: (d) 10-1/s at 25°C, (e) 10-3/s at 
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Ni composite solder under strain rate of 10−5 s−1 at 125ºC is shown in Figure 4.50 (f). It 
was found that tearing cracks could develop along grain boundaries. The details of the 
coarse strips were characterized by viscous flow morphology. 
 
4.3.9.3 Fracture surface analysis of Sn-Pb reinforced with nano-molybdenum 
The fractographic features tensile fracture surfaces of Sn-Pb + 1 wt% Mo, and Sn-
Pb + 2 wt% Mo solders at different strain rates and at ambient and elevated temperatures 
are shown in Figures 4.51 (a-f). 
Signs of plasticity could be detected on the fracture surfaces of the Sn-Pb + 1 wt% 
Mo solder alloy. Evident dimples morphologies, typical of ductile fracture, were 
observed on the fracture surface of specimens deformed at both the high and low strain 
rates of 10  s at 25ºC and10 s at 75ºC, as shown in Figures 4.51 (a and b), 
respectively. More evidently, deep dimples and significant necking of the cross-section 
(Figure 4.51 (b)) could be seen on the latter specimen. However, the morphologies on the 
fracture surfaces of the specimens deformed at the strain rates of 10 s at 125ºC, showed 
a mixture of both ductile and brittle fracture as shown in Figure 4.51(c). Some regions on 
the fracture surface possessed features of ductile fracture but with the shallow dimples.  
Figures 4.51 (d-f) show the fracture surfaces observed for Sn-Pb + 2 wt% Mo 
composite solder samples deformed at three temperatures at different strain rates. The 
micrographs reveal an elongated dimple structure characteristic of ductile failure. As 
shown in Figure 4.51 (d), no particles were observed on the fracture surface and within 
the dimples indicating that the failure was not initiated from a nano-particle in Sn-  
composite solders 
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Figure 4.51 Scanning electron micrographs showing the tensile fracture surfaces of Sn-Pb 
+ 1 wt% Mo composite solder specimens subjected to uniaxial tensile deformation at: (a) 
10-1/s at 25°C, (b) 10-3/s at 75°C, and (c) 10-5/s at 125°C; Sn-Pb + 2 wt% Mo solder 
specimens subjected to uniaxial tensile deformation at: (d) 10-1/s at 25°C, (e) 10-3/s at 
75°C, and (f) 10-3/s at 125°C. 
 
Pb+2 wt% Mo solder alloy subjected to tensile deformation at a strain rate of 10-1s-1 at 
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temperature dependence of the dimple size. One observes the formation of smaller 
dimples in samples deformed at lower temperatures at the same strain rate of 10-3s-1 as 
shown in Figure 4.51 (e-f). It can be seen that, at 75ºC, a few very large dimples 
dominate its fracture surface whereas, at 125ºC, small dimples are evenly distributed 
across the fracture surface. Fracture surface observations indicate that the dimples formed 
in Sn-Pb + 2 wt% Mo subjected to tensile deformation at 75ºC are much larger than those 
observed in the same composite solder alloy at the deformation temperature of 125ºC and 
at the same deformation rate, suggesting the higher ductility of composite solders at 
higher temperatures, in agreement with tensile characteristics of these materials. 
 
4.3.10 Fracture surface analysis of Sn-Ag-Cu solders 
 
The fractographic features of ambient and elevated temperature tensile fracture 
surfaces of Sn-Ag-Cu solders at different strain rates are shown in Figures 4.52 (a-f). 
From the comparison of SEM fractographs of the sets of samples deformed at different 
strain rates it follows that the changes of fracture mechanisms with strain rate are more 
pronounced at all the temperatures investigated. The influence of the strain rate for Sn-
Ag-Cu solders deformed at 25ºC is illustrated in Figures 4.52 (a-b).  
 
It is clearly seen that at ambient test temperature the plastic deformation is more 
developed at lower strain rates. At 25°C the higher strain rate leads to the ductile dimple 
fracture, whereas the lower strain rate 10-3s-1 shows only ductile dimple fracture (Figure 
4.51b), and the size of the dimples is much larger than in the case of the higher strain rate. 
At the higher test temperature the changes of fracture mechanisms with strain rates are 
more pronounced. Sn-Ag-Cu solder  
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Figure 4.52 Scanning electron micrographs showing the tensile fracture surfaces of Sn-
Ag-Cu solder specimens subjected to uniaxial tensile deformation at: (a) 10-1/s at 25°C, 
(b) 10-3/s at 25°C, (c) Subjected to uniaxial tensile deformation at a strain rate of 10-4/s at 
75°C, (d) 10-1/s at 75°C, (e) 10-2/s at 125°C, and (f) 10-5/s at 125°C. 
 
deformed at 75ºC at lower strain rate of 10-4s-1, exhibited the transgranular fracture 
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microscopic voids. Few of the voids had undergone considerable growth and their 
coalescence results in shallow dimples. The formation and presence of a large population 
of voids transforms the polycrystalline Sn-Ag-Cu solder alloy into a ‘composite’ with 
two populations of ‘particles’: (a) the grains, (b) voids (void being considered as a 
‘particle’ having zero stiffness). Since the voids are intrinsically softer than the hardened 
grains in the matrix, the local strain is exacerbated by the voids, resulting in an increase 
in their volume fraction. The presence of a population of voids, of varying size and shape, 
transforms the macroscopic mechanical response of the polycrystalline Sn-Ag-Cu solder 
alloy through significant degradation of ductility.  
The micromorphology of Sn-Ag-Cu specimen deformed at a higher strain rate of 
10-1s-1, at 75ºC exhibited entirely ductile fracture, as shown in Figure 4.52 (d). The size of 
dimple ranges from 5 to 10 μm. The serpentine glide was observed on the walls of large 
and deep dimples. The SEM fractographs of Sn-Ag-Cu solder specimens deformed at 
higher temperature and higher strain rate of 10-2s-1, at 125ºC depict features 
representative of predominantly ductile fracture compared with the quasi-cleavage type 
of fracture of the same deformed at lower strain rates of 10-5s-1, at the same temperature, 
as shown in Figures 4.52(e), and 4.52(f). 
4.3.10.1 Fracture surface analysis of Sn-Ag-Cu solders reinforced with nano-nickel 
The fractographic features of ambient and elevated temperature tensile fracture 
surfaces of Sn-Ag-Cu + 1 wt% Ni, and Sn-Ag-Cu + 2 wt% Ni solders at different strain 
rates are shown in Figures 4.53 (a-f). The fracture surface of Sn-Ag-Cu + 1 wt% Ni 
deformed at 25 °C with the strain rate of 10-1 s-1, mainly consists of many fine ductile 
dimples on the tensile fracture surface as shown in Figure 4.53(a). When the testing 
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conditions shifted to higher temperatures say 75ºC and moderate strain rate of 10-3 s-1, 
from the fracture surface of Sn-Ag-Cu + 1 wt% Ni composite solder, it can be seen that 
Ni3Sn4 intermetallics have been pulled out from the solder matrix and many ductile 
dimples distribute uniformly in the tensile cross-section as shown in Figure 4.53(b), but 
the average depth of the dimples is lower than that tested at room temperature, and when 
the temperature is further increased to 125ºC. The fracture surfaces of the 1 wt.% nano-
nickel doped Sn-Ag-Cu composite solder deformed at 10-1 s-1 is shown in Figure 4.53(c). 
In this case, the fracture was primarily the result of a ductile failure, with some brittle 
characteristics. The brittleness is principally characterized by intergranular separation. 
There are also some voids and cavities formed at grain boundaries. Nevertheless, no 
intermetallics or inclusions were found within the voids. The intergranular separation 
seems more prominent at higher temperatures. This intergranular decohesion is an 
indication of plastic deformation of the intermetallics.  
For Sn-Ag-Cu composite solder reinforced with 2 wt.% of nano-nickel, the SEM 
fractograph of the specimen deformed at a strain rate of 10-1 s-1 at 25ºC is shown in 
Figure 4.53 (d). At this deformation condition fracture seems to be ductile with small and 
large dimples and without apparent grain boundary facets. Figure 53(e) depicts an SEM 
image of the fracture surface of the Sn-Ag-Cu + 2 wt% Ni composite solder deformed at 
a strain rate of 10-3 s-1 at 75ºC tensile test. According to this figure, the sample exhibited 
the most transgranular dimples and the greatest plastic deformation of its fracture surface, 
it is in good agreement with the %ductility shown in Figure 3.22.  Figure 4.53(f) shows 
the tensile fracture surfaces of the Sn-Ag-Cu + 2 wt% Ni composite solder deformed at a  
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strain rate of 10-5 s-1 at 125ºC. This figure shows that there are large ductile dimples at the 
interface between the Ni3Sn4 intermetallics and the matrix, and  
(b)(a) 
 
Figure 4.53 Scanning electron micrographs showing the tensile fracture surfaces of Sn-
Ag-Cu + 1 wt% Ni composite solder specimens subjected to uniaxial tensile deformation 
at: (a) 10-1/s at 25°C, (b) 10-3/s at 75°C, and (c) 10-5/s at 125°C; Sn-Ag-Cu + 2 wt% Ni 
solder specimens subjected to uniaxial tensile deformation at: (d) 10-1/s at 25°C, (e) 10-3/s 
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some of the intermetallics particles (2-5μm) are fractured in the cleavage plane, which 
implies that the bonding strength between intermetallics and the solder matrix is very 
high. During the tensile test, the outer load transfers into the intermetallics through the 
interface, and the crack nucleus initiates and grows in the cleavage direction due to the 
poor strength of the Ni3Sn4 itself, and then a stress concentration forms at the interface 
when the crack propagates to the interface. When the stress at the tip of the crack is 
higher than the bonding strength, the crack propagates into the matrix, which leads to the 
fracture of the composite.  
 
4.3.10.2 Fracture surface analysis of Sn-Ag-Cu solders reinforced with nano-
molybdenum 
 
The fractographic features of ambient and elevated temperature tensile fracture 
surfaces of Sn-Ag-Cu + 1 wt% Mo, and Sn-Ag-Cu + 2 wt% Mo solders at different strain 
rates are shown in Figures 4.54 (a-f). Figures 4.54(a)–(c) are fractographs of the Sn-Ag-
Cu+1Mo composite solders deformed at 10-1 s-1 at 25ºC, 10-3 s-1 at 75ºC, and 10-5 s-1 at 
125ºC respectively. Fracture surfaces of the composite solders deformed in the first two 
conditions are mainly composed of ductile fracture, and cleavage fracture regions are not 
observed as shown in Figure 4.54 (a).   
In the Sn-Ag-Cu + 1 wt% Mo composite solder alloy deformed at 75ºC, there are 
some pores observed. The dimple size tends to be the largest in this condition because the 
second phase particle size and spacing are the largest, and decreases with decreasing 
strain rate. Figure 4.54(c) shows the fracture surface of Sn-Ag-Cu + 1 wt% Mo composite 
solder deformed at 10-1 s-1 at 25ºC. The micrograph presents a partial intergranular 
fracture with smooth grain facets and with small dimple features. 
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Figure 4.54 Scanning electron micrographs showing the tensile fracture surfaces of Sn-
Ag-Cu + 1 wt% Mo composite solder specimens subjected to uniaxial tensile 
deformation at: (a) 10-1/s at 25°C, (b) 10-3/s at 75°C, and (c) Subjected 10-5/s at 125°C; 
Sn-Ag-Cu +2 wt% Mo solder specimens subjected to uniaxial tensile deformation at: (d) 
10-1/s at 25°C, (e) 10-3/s at 75°C, and (f) 10-3/s at 125°C. 
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For Sn-Ag-Cu composite solder reinforced with 2 wt.% of nano-molybdenum, the 
SEM fractograph of the specimen deformed at a strain rate of 10-1 s-1 at 25ºC is shown in 
Figure 4.54(d). The fracture surface contains larger and deeper dimples compared with 
the Sn-Ag-Cu solders without any reinforcement. It is indicated that a small amount of 
microcrack initiation is produced during tensile deformation before fracture. SEM 
fractograph of Sn-Ag-Cu + 2 wt% Mo composite solder specimen deformed at a strain 
rate of 10-3 s-1 at 75ºC is shown in Figure 4.54(e). It can be seen that shallow dimples and 
cavities with different sizes appear on the tensile fracture during deformation at 75ºC, 
which indicates the Sn-Ag-Cu + 2 wt% Mo composite solder still possesses good 
ductility. Dimples become much larger and deeper, and much sharper tearing edges can 
be observed on longitudinal tensile fracture of the composite solder alloy deformed at 10-
3 s-1 at 125ºC which shows that plasticity of the Sn-Ag-Cu + 2 wt% Mo composite solder 
alloy was largely improved, as shown in Figure 4.54 (f). 
 
4.4 Summary 
The plastic flow behavior of 63Sn-37Pb and Sn-3.8Ag-0.7Cu based novel 
nanocomposite solder materials studied under different strain rates ranging from 10-5 s-1 
to 10-1s-1 at three different temperatures of 25°C, 75°C, and 125°C. 2% offset flow stress 
and the Hollomon parameters were observed to increase substantially with increasing 
strain rate, with the strain rate sensitivity at higher temperatures being greater. The strain 
rate sensitivities obtained were consistent with the creep stress exponents typically 
observed in these materials during creep in the high-stress regime. Empirical expressions 
capturing the strain rate and temperature dependence of the 2% off set flow stress and the 
Hollomon parameters within the range of the present test conditions were also obtained. 
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It was observed that the strain hardening coefficient increased substantially with 
increasing strain rate in all the composite solders investigated. Further, the strain 
hardening coefficient decreased with increasing temperature. The strain-rate dependence 
of strain hardening coefficient was stronger at higher temperatures for the pure Sn-Pb and 
Sn-Ag-Cu solders, while it was lesser for composite solders reinforced with nano-
molybdenum. Strain hardening coefficient was found to be less sensitive to temperature 
at higher strain rates. 
The fractographic features of ambient and elevated temperature tensile fracture 









Effect of Isothermal Aging, and Strain Rate on Deformation 
Characteristics of Nanocomposite Solders 
 
5.1 Introduction 
Solder materials are extensively used as interconnects in packaging technologies. 
In surface mount technologies the solder interconnect is required to act as not only an 
electronic and logical path but also a mechanical link between the silicon die and the 
substrate (flip chip), and between the component and the PWB in surface mount 
assemblies [206]. These interconnects experience high mechanical stress, especially in 
advanced packaging technologies such as flip chip, BGA, PGA, and CSP. It is well 
known that the principle cause of failures in solder interconnections can be attributed to 
the deformation that is caused by the mismatch in thermal expansion between a surface 
mounted device and the PWB, because of changes in the ambient temperature or 
temperature gradient during power cycling [207]. In order to predict the durability of 
solder interconnections under field use condition, amplified thermal cycle loading is 
applied to surface mount assemblies during accelerated thermal cycling life test. The 
durability of solder joints subjected to thermal cycle loading is dependent on the thermo-
mechanical durability of the solder material. 
 Thermal aging process is a rigorous environment for solder connection. Aging 
studies are conducted as an indicator of long-term structural stability of solder under real 
operating conditions, i.e., how the microstructrual and mechanical properties evolve with 
time and temperature.  




The characterization of newly developed composite solders, especially after 
isothermal aging, is very important in order to accurately predict the reliability of solder 
joints. However, due to lack of experimental testing standards and the high homologous 
temperature of solder alloys (Th > 0.5Tm even at room temperature), there are very large 
discrepancies in both the tensile and creep properties provided in current databases for 
both lead-free and Sn-Pb solder alloys. In this research, mechanical measurements of 
isothermal aging effects and the resulting changes in the deformation characteristics of 
newly developed composite solders were performed. 
 
5.1.1 Isothermal Aging Effects 
The effects of aging on the mechanical properties and microstructure have been 
widely studied. As early as 1956, Medvedev [208] observed a 30% loss of tensile 
strength for bulk  Sn/Pb solder stored for 450 days at room temperature. In addition, he 
reported 4-23% loss of tensile strength for solder joints subjected to room temperature 
storage for 280-435 days. In 1976, Lampe [209] found losses in shear strength and 
hardness of up to 20% in Sn-Pb and Sn-Pb-Sb solder alloys stored for 30 days at room 
temperature. Lampe explained that the softening at room temperature due to aging was 
caused by the equilibrium process of the solder as tin precipitated out of the 
supersaturated lead-rich phase, thus causing the reduction in strength [209]. Miyazawa 
and Ariga [210-211] measured significant hardness losses and microstructural coarsening 
for Sn-Pb, Sn-Ag, and Sn-Zn eutectic solders stored at 25 °C for 1000 hours, while 
Chilton and co-workers [212] observed a 10-15% decrease in the fatigue life of single 
SMD joints after room temperature aging. Coyle et al. reported a shearing stress 




reduction of up to 20% after 240 hours at room temperature for BGA packaging [213]. 
Lee et al. also found that the shearing stress dropped by up to 10% after 3 days room 
temperature aging after reflow [214]. Several other studies [215-216] have also 
documented the degradation of Sn-Pb and SAC solder ball shear strength (10-35%) in 
area array packages subjected to room temperature aging. Both Lampe and Coyle et al. 
observed dramatic coarsening of the phase microstructure [209, 213]. The effects of room 
temperature isothermal aging on constitutive behavior have also been reported [217-219]. 
Chuang, et al. [217] characterized the reductions in yield stress and increases in 
elongations obtained in Sn-Zn eutectic solder during aging at room temperature. In 
addition, Xiao and Armstrong [219, 222] recorded stress-strain curves for SAC 396 
specimens subjected to various durations of room temperature aging, and finding losses 
of ultimate tensile strength of up to 25% over 60 days of room temperature aging. 
Thermal aging effects are the most widely studied due to the dramatic changes in 
the microstructure and mechanical properties that result. Aging softening has also been 
observed for solder subjected to elevated temperature aging (e.g. 125ºC) [218-222]. Pang 
et al. [223] measured microstructure changes, intermetallic layer growth, and shear 
strength degradation in SAC single ball joints aging at elevated temperature. 
Darveaux [224] performed an extensive experimental study on the stress-strain 
and creep behavior of area array solder balls subjected to shear. He found that aging for 1 
day at 125ºC caused significant changes in the observed stress-strain and creep behaviors. 
In addition to the room temperature aging experiments described above, Xiao and 
Armstrong also measured stress-strain curves for SAC 396 specimens subjected to 
elevated temperature aging at 180ºC [219, 222]. At this highly elevated temperature, they 




observed a quick softening of the material during the first 24 hours, followed by a gradual 
hardening with time. Several studies have been performed on the degradation of BGA 
ball shear strength with elevated temperature aging at 125ºC or 150ºC [225-229]. All of 
these investigations documented both microstructure coarsening and intermetallic layer 
growth. In addition, Hasegawa, et al. [225] measured elastic modulus reductions with 
aging by testing thin solder wires. Wang et al. [229] found significant drop in tensile 
properties after aging at 125ºC for various periods of time. Vianco also found large 
reductions in the elastic modulus and yield stress after thermal aging at 125ºC for 24 
hours for SAC alloys [230-233]. Finally, Ding, et al. [234] explored the evolution of 
fracture behavior of Sn-Pb tensile samples with elevated temperature aging. 
 However, most of the research has focused on elevated thermal aging effects, 
which dramatically change the mechanical properties and microstructure of solders. 
Combined effects of aging and strain rate on deformation behavior of solders have been 
largely ignored. 
The main purpose of this work is to investigate the tensile deformation properties 
of the newly developed nanocomposite solder alloys aged at 150ºC for different durations 
and subjected to deformation at different strain rates, and to compare the performance of 
solders in real working environments. In this study, the influence of aging treatment, and 
strain rate on the deformation characteristics and the fracture mechanics of Sn-Pb, Sn-
Ag-Cu based composite solders investigated. The test conditions cover the ranges of 
temperature, aging durations and strain rates which are relevant for the evaluation of 
solder joint reliability.  
 
 




5.2 Experimental procedure 
 
Table 4.1 shows the compositions of the composite solders used in this study. A 
dog-bone-type specimen, with 25 mm gauge length and 5 mm diameter, was used. 
Detailed description of the processing of composite specimens can be found in chapter 3. 
Each specimen was annealed at 150°C for 15, 30, and 60 days. Tensile tests were 
performed at strain rates ranging from 10−5 s−1 to 10−1 s−1; the strain rate was controlled 
by a crosshead displacement rate, and was maintained until specimen failure occurred. 
Five specimens were tested for each test condition. 
 
5.3 Results and discussion 
The true stress–true strain curves at log-log scale plotted for Sn-Pb, and Sn-Ag-
Cu based composite solders subjected to isothermal aging at 150ºC for various durations. 
By fitting the plastic flow curves to the equation (4.3), the flow stress and strain 
hardening parameters were determined in this investigation. 
The variation of the important deformation flow parameters such as 2% offset 
flow stress ( flowσ ), strain hardening coefficient (K), and strain hardening exponent (n) 
can be fitted well to an exponential expression of the form , where P is the 
property, and A and b are constants. 
bAP ε.=
 
5.3.1 Offset flow stress 
 
The measured variation of 2% offset flow stress ( flowσ ), with strain rate of 
different composite solders subjected to aging at 150ºC for durations of 0, 15, 30 and 60 
days are given in Figures 5.1-5.12. It was found that the variations are well represented 
by exponential expressions of the form bflow Aσ ε=  , where A and b are constants. The 




values of A and b obtained are given in Tables 5.1 and 5.2. It can be seen that the 2% 
offset flow stress increases substantially with increasing strain rate in all kinds of 
composite solders. In contrast, flow stress decreases with increasing isothermal aging 
duration at 150ºC. The strain rate dependence of flow stress is stronger at higher aging 
durations for the pure Sn-Pb and Sn-Ag-Cu solders, but it is weaker for composite solders 
reinforced with nano-molybdenum. This is because rate dependent plasticity mechanisms 
such as dislocation climb are more active at higher temperatures. Since the contribution 
of creep relaxation decreases with increasing strain rate, flow stress properties are less 
























































Figure 5.1 Variation of flow stress with strain rate at different aging durations in log-
log plot for Sn-Pb solder. 





















































Figure 5.2 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+1Cu solder. 
 
 


















































Figure 5.3 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+1Ni solder. 























































Figure 5.4 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+1Mo solder. 



















































Figure 5.5 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+2Cu solder. 























































Figure 5.6 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+2Ni solder. 
















































Figure 5.7 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Pb+2Mo solder. 
 























































Figure 5.8 Variation of flow stress with strain rate at different aging durations in log-
log plot for Sn-Ag-Cu solder. 
 
















































Figure 5.9 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Ag-Cu+1Ni solder. 





















































Figure 5.10 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Ag-Cu+1Mo solder. 
 

















































Figure 5.11 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Ag-Cu+2Ni solder. 






















































Figure 5.12 Variation of flow stress with strain rate at different aging durations in log-log 
plot for Sn-Ag-Cu+2Mo solder. 
 
Table 5.1 Fitting constants A and b of the expression, bflow Aσ ε=   for Sn-Pb based 
composite solders aged at 150ºC for different durations. 
 





 Exponent (b) 
0 182.5 0.26 
15 146.0 0.33 




      150 
60 89.4 0.47 
0 162.7 0.19 
15 135.0 0.23 





60 83.0 0.37 
0 146.6 0.17 
15 126.1 0.20 




      150 
 
60 79.2 0.31 
0 140.6 0.15 




      150 
30 104.0 0.20 




  60 87.2 0.24 
0 137.5 0.16 
15 116.9 0.19 




      150 
60 81.1 0.27 
0 135.4 0.14 
15 120.5 0.16 





60 85.3 0.22 
0 130.7 0.12 
15 118.9 0.13 





60 92.8 0.17 
 
 
Table 5.2  Fitting constants A and b of the expression, bflow Aσ ε=   for Sn-Ag-Cu based 
composite solders aged at 150ºC for different durations. 
 






0 78.2 0.08 
15 66.5 0.09 




      150 
60 33.6 0.19 
0 89.7 0.07 
15 78.0 0.08 





60 40.4 0.16 
0 103.4 0.06 
15 96.2 0.07 




      150 
 
60 66.2 0.13 
0 98.6 0.06 
15 88.7 0.07 




      150 
60 61.1 0.12 
0 109.8 0.05 
15 103.2 0.06 




      150 
60 74.7 0.11 
 
 




5.3.2 Strain hardening coefficient (K) 
 
The measured variation of the strain hardening coefficient (K), with strain rate of 
different composite solders subjected to aging at 150ºC for durations of 0, 15, 30 and 60 
days are given in Figures 5.13-5.24. It was found that the variations are well represented 
by exponential expressions of the form , where A and b are constants. The 
constants A and b obtained are given in Tables 5.3 and 5.4. It can be seen that K increases 
substantially with increasing strain rate but decreases with increasing isothermal aging 
duration at 150ºC. The strain rate dependence of K is stronger at higher aging durations 
for the pure Sn-Pb and Sn-Ag-Cu solders, but it is weaker for composite solders 
reinforced with nano-molybdenum. K is also less sensitive to isothermal aging duration at 
the higher strain rates as can be seen in Figures 5.13-5.24.  
bAK ε.=
 



























































Figure 5.13 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb solder. 
































































Figure 5.14 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+1Cu solder. 
 



























































Figure 5.15 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+1Ni solder. 






























































Figure 5.16 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+1Mo solder. 
 



























































Figure 5.17 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+2Cu solder. 































































Figure 5.18 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+2Ni solder. 



























































Figure 5.19 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Pb+2Mo solder. 
































































Figure 5.20 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Ag-Cu solder. 
 



























































Figure 5.21 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Ag-Cu+1Ni solder. 






























































Figure 5.22 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Ag-Cu+1Mo solder. 
 


























































Figure 5.23 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Ag-Cu+2Ni solder. 
 






























































Figure 5.24 Variation of work hardening coefficient (K), with strain rate at different 
aging durations in log-log plot for Sn-Ag-Cu+2Mo solder. 
 
Table 5.3 Fitting constants A and b of the expression, K = A for Sn-Pb based 




Solder Temp (oC) Aging time   
(Days) 
K coefficient 
        (A) 
K exponent 
       (b) 
0 58.9 0.19 
15 48.4 0.23 




      150 
60 29.7 0.38 
0 72.4 0.18 
15 62.0 0.21 





60 38.1 0.34 
0 98.6 0.14 
15 86.9 0.16 




      150 
 
60 54.6 0.25 
0 128.5 0.12 




      150 
30 97.8 0.16 




  60 82.0 0.19 
0 138.4 0.17 
15 118.9 0.20 




      150 
60 82.6 0.29 
0 142.6 0.13 
15 127.9 0.14 





60 90.6 0.20 
0 159.7 0.10 
15 148.7 0.11 





60 116.0 0.14 
 
 
Table 5.4 Fitting constants A and b of the expression, K = A for Sn-Ag-Cu based 




Solder Temp (oC) Aging time   
(Days) 
K coefficient 
        (A) 
K exponent 
        (b) 
0 164.7 0.14 
15 144.2 0.16 




      150 
60 72.9 0.27 
0 188.1 0.11 
15 170.2 0.12 





60 88.0 0.24 
0 202.4 0.10 
15 190.9 0.11 




      150 
 
60 131.3 0.15 
0 209.9 0.11 
15 192.7 0.12 




      150 
60 132.7 0.17 
0 228.5 0.09 
15 210.5 0.10 




      150 
60 152.3 0.13 
 





5.3.3 Strain hardening exponent (n) 
 
The measured variation of the strain hardening exponent (n), with strain rate of 
different composite solders subjected to aging at 150ºC for durations of 0, 15, 30 and 60 
days are shown in Figures 5.25-5.36. It was found that the variations are well represented 
by exponential expression of the form , where A and b are constants. The values 
of A and b obtained are given in Tables 5.5 and 5.6. It can be seen that the strain 
hardening exponent n, increases substantially with increasing nano particle content, and 
is highest in the case of nano-nickel reinforced composites solders at the higher strain 
rates investigated. As can be seen in Figures 5.25-5.36, n is less sensitive to isothermal 
aging duration at the higher strain rates.  
bAn ε.=























































Figure 5.25 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb solder. 
 

























































S-1  Strain Rate ( )
 
Figure 5.26 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+1Cu solder. 























































Figure 5.27 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+1Ni solder. 



























































Figure 5.28 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+1Mo solder. 
 























































Figure 5.29 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+2Cu solder. 


























































Figure 5.30 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+2Ni solder. 
 
 






















































Figure 5.31 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Pb+2Mo solder. 



























































Figure 5.32 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Ag-Cu solder. 
 























































Figure 5.33 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Ag-Cu+1Ni solder. 



























































Figure 5.34 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Ag-Cu+1Mo solder. 
 






















































Figure 5.35  Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Ag-Cu+2Ni solder. 



























































Figure 5.36 Variation of strain hardening exponent with strain rate at different aging 
durations for Sn-Ag-Cu+2Mo solder. 
 
Table 5.5  Fitting constants A, and b of the expression, n = A. for Sn-Pb based 




Solder Temp (oC) Aging time   
(Days) 
n coefficient 
       (A) 
n exponent 
       (b) 
0 0.066 0.18 
15 0.054 0.22 




      150 
60 0.033 0.36 
0 0.118 0.15 
15 0.100 0.18 





60 0.061 0.29 
0 0.141 0.12 
15 0.125 0.13 




      150 
 
60 0.079 0.21 
0 0.108 0.09  
SP+1Mo 
 
      150 15 0.097 0.10 




30 0.081 0.12   
60 0.068 0.14 
0 0.125 0.13 
15 0.108 0.15 




      150 
60 0.075 0.22 
0 0.152 0.11 
15 0.140 0.12 





60 0.099 0.17 
0 0.132 0.10 
15 0.122 0.11 





60 0.095 0.14 
 
 
Table 5.6  Fitting constants A, and b of the expression, n = A. for Sn-Ag-Cu based 




Solder Temp (oC) Aging time   
(Days) 
n coefficient 
        (A) 
n exponent 
       (b) 
0 0.142 0.12 
15 0.124 0.14 




      150 
60 0.063 0.23 
0 0.172 0.09 
15 0.154 0.10 





60 0.080 0.19 
0 0.184 0.10 
15 0.170 0.11 




      150 
 
60 0.117 0.16 
0 0.165 0.07 
15 0.151 0.08 




      150 
60 0.104 0.11 
0 0.153 0.09 
15 0.146 0.09 




      150 
60 0.105 0.13 






5.3.4 Strain rate sensitivity 
 
Values of the strain rate sensitivity index m can be obtained from the slopes of the 
log-log plots of true stress versus true strain rate shown in Figures 5.1-5.36. A detailed 
description of strain rate sensitivity can be found in Chapter 4.3.6. Figure 5.37 shows the 
variation of m of Sn-Pb solder reinforced with varying weight fractions of nano-copper, 
nano-nickel, and nano-molybdenum. As can be seen, values of m for the reinforced 
solders are all lower than those for the pure solder suggesting that their creep resistance is 
higher. Moreover, m decreases with increase in concentration of reinforcement. m also 
increases approximately linearly with increasing aging duration in all the composite 
solders studied but the increase is small for nano-molybdenum composite solders.  
 






























Figure 5.37 Variation of strain rate sensitivity (m) with aging time and varying nano 
particle content for Sn-Pb based composite solders. 





The increase of the strain rate sensitivity parameter (m) from 0.26 to 0.47, with 
increasing isothermal aging duration from 0 days to 60 days (see Figure 5.37) points to 
the possibility of an apparent plastic behavior. This observation may be due to the 
accelerated diffusion process of the high vacancy concentration leading to enhanced 
dislocation climb at higher temperatures. This suggests a dislocation climb mechanism 
along grain boundaries [235] to be the rate controlling mechanism for the steady state 
creep of the alloys tested. Also, these values of m agree with the values reported in Ref. 
[236], where it was also suggested that the dominating mechanism was dislocation climb 
along grain boundaries. 
The lower m values for Ni-doped Sn-Pb solder may be caused by the presence of 
nano-intermetallic phase Ni3Sn4 dispersed in the Sn-Pb solder matrix. Similarly, the 
lower values of m for Cu-doped Sn-Pb solder suggest that the dispersion of nano-Cu6Sn5 
particles can effectively inhibit grain boundary sliding and reduce strain rate dependence.  
Figure 5.38 shows the variation of strain rate sensitivity of Sn-Ag-Cu solder 
reinforced with varying weight fractions of nano-copper, nano-nickel, and nano-
molybdenum. The same trends are observed for Sn-Ag-Cu composite solders as for Sn-
Pb composite solders described above, except that the increase of m with aging duration 
appears to be quadratic rather than linear. It is also interesting to note from Figure 5.38 
that the Sn-Ag-Cu solders exhibited lower strain rate sensitivity compared to Sn-Pb 
solders, which is in accordance with the data reported in [237]. The reason for this is that 
the eutectic dispersion of Ag3Sn precipitates in the Sn–Ag-Cu solder alloy is contained  
 





within the β–Sn matrix, which could firmly inhibit grain boundary sliding and reduce 
strain rate sensitivity.   



























Figure 5.38  Variation of strain rate sensitivity (m) with aging time and varying nano 
particle content for Sn-Ag-Cu based composite solders. 
 
 The strain rate sensitivity increased with increasing annealing duration in all 
composite solders irrespective of the reinforcement. This implies that the change 
(increase here) in stress on a change in strain rate by a certain constant factor is 
progressively increasing with strain. Assuming that the effect of increasing strain rate 
sensitivity is dependent only on the strain, the increase in stress may be due to (i) increase 
in the kinetics of dislocation accumulation in forest dislocations, (ii) decrease in the 
kinetics of recovery, (iii) both increase and decrease in accumulation and recovery 
kinetics, respectively, and (iv) increase in kinetics of both accumulation and recovery. 




The fourth possibility looks most probable as both accumulation and recovery are based 
on dislocation–dislocation interaction. An increase in strain increases dislocation density 
thereby decreasing inter-dislocation spacing and enhancing dislocation interactions. A 
quantitative physical description to explain the functional form of the variation of m is 
not attempted here because the stress response of a material undergoing tensile 
deformation is due to the synergistic interaction of multiple parameters (strain rate, aging 
temperature, aging duration, strain, dislocation configuration and stress fields, etc.) which 
makes it impossible to separate (by additive decomposition) a term that handles only, say, 
strain hardening without the influence of temperature and strain rate. An increase in 
annealing duration increases the dislocation velocity and perhaps also the mobile 
dislocation density. No conclusion could be drawn on the individual significance of 
velocity and density with respect to the influence on dislocation–dislocation interaction. 
However, the rationalization given for variation of m with respect to strain is also valid 
for the increase of m with the increase in aging duration.  
 In this analysis, it is assumed that second phase particles are adequately large as 
to not give rise to short-range stresses. Additionally, precipitation during tensile 
deformation is not expected in the aged composite solder. Therefore, the variation in the 
thermal component of the flow stress with temperature, strain and strain rate is not due to 
precipitates. However, in a particle-hardened alloy, the appearance of long-range internal 
stresses (commonly referred to as “back stresses”) consequent to the elastic reaction of 
the particles to the plastic deformation of the matrix is expected. These internal stresses 
increase with strain and produce part of the work hardening [238]. Assuming that the 
contribution of precipitates to athermal component of flow stress is dependent only on the  





strain, then at constant strain, the difference in flow stress as a function of strain rate is 
due to dislocation accumulation as forest dislocations and recovery through the formation 
of low energy dislocation configurations (subcells, subgrains).  
In bcc metals thermal activation plays a large role in the motion of screw 
dislocations over the high Peierls stress at low temperatures [239]. Even at elevated 
temperatures, the role of Peierls stress may be significant if no other thermally activated 
deformation mechanism is effective. At the small true plastic strain of 0.02 the athermal 
contribution due to the internal stresses originating from precipitates are expected to be 
small as these stresses are dependent on the extent of deformation. Thus, at a true plastic 
strain of 0.02, ‘m’ is not constant with respect to strain rate perhaps because of the effect 
of Peierls stress in addition to that of stress fields due to forest dislocations without any 
mechanism being predominant. At higher strains the effect of Peierls stress becomes 
negligible in comparison to the effect of short range stresses produced by forest 
dislocations.  




5.3.5 Deformation behavior after isothermal aging 
The evolution with strain of the dislocation (storage and annihilation) influences 
the deformation behavior and hence the shape of the true stress–true strain-rate curves. 
The course of the stress–strain-rate curves is influenced by the isothermal annealing 
durations. An analysis of the stress–strain-rate curve shapes indicates that the rate of the 
dislocation density decreases with strain. Recovery becomes important. The rate of 
dislocation annihilation with strain and with aging durations increases. At higher 
temperature and aging duration a dynamic balance between the rate of dislocation 
accumulation and the rate of dislocation annihilation may occur. Activity of recovery 
mechanisms leading to softening increases with increasing aging duration. 
 
5.3.6 Possible softening mechanisms 
5.3.6.1 Cross slip recovery process 
The variation of the flow stresses with increasing temperature and aging duration 
may be attributed to increasing activity of cross slip. The magnitude of the maximum 
stress could be considered as characteristic of the level of cross slip activity. The 
maximum stress should then decrease with increasing aging duration in a similar way as 
the stress necessary for cross slip, i.e. the temperature dependence may be expressed by 
the following equation 
max 0ln ( , )K K Tσ γ ε= −                                         (5.1) 
 
where K0 is a constant and K is a function of the stacking fault energy γ and the strain 
rate. This cross slip is more facile in bcc (β) structures where the screw dislocation 
segments are easily mobile at elevated temperatures for longer aging durations [240]. The 




edge components of dislocations remain in the slip plane and they may climb or 
subsequently form the cell substructure. 
 
5.3.7 Strain hardening exponent (n) 
It can be observed from Tables 5.5 and 5.6 that the strain-hardening exponent of 
Sn-Pb and Sn-Ag-Cu based composite solders decreased with increasing aging duration 
in all the nano-composite solders investigated. The reduction in strain hardening 
exponent is least in the case of nano-molybdenum reinforced composite solders.  
 The strain hardening of the composite is primarily due to hardening of the matrix 
during its plastic flow. The strain hardening of matrix is expected to be influenced by the 
following factors: (i) dislocation density and dislocation-to-dislocation interaction, (ii) 
constraint of plastic flow due to resistance offered by nano sized intermetallic particles. 
The dislocation density in the matrix of the composite might be increasing with increase 
in weight fraction of nano-particle additives. It may also be noted that a significant 
amount of dislocation, generated due to thermal mismatch stress or due to plastic 
incompatibility, gets neutralized due to the presence of incoherent weak interfaces 
between the particle and the matrix, and micro-porosities in the matrix. The amount of 
interface area increases with increase in nano-particle concentration. The micro-porosities 
also increase with increase in nano-particulate intermetallic content after aging at certain 
temperatures for a few days. As a result of these counter phenomena, the overall 
dislocation density may not be increasing with increase in nano-particle addition during 
their plastic deformation. The effect of plastic constraints may be neutralized due to 
particle clustering and flaws present in the second phase particles. Consequently, the 
strain-hardening exponent n decreases with increased aging duration. When the materials 




are peak-aged, fine precipitates play an important role in pinning dislocations. But the 
precipitates are so fine that the dislocations cut through them without any significant 
pinning action. Thus, the strain hardening exponent of the alloy or composite is noted to 
be higher in the heat-treated condition. 
5.3.8 Fracture surface analysis of Sn-Pb solders subjected to isothermal aging for 
different durations 
The fracture surfaces of specimens aged at 150ºC for different time durations 
subjected to tensile deformation at different strain rates have been examined using a 
scanning electron microscope (Hitachi FE-SEM S-4300) to relate the fracture surface 
characteristics of Sn-Pb solder to the deformation strain rate and aging condition. Figure 
5.39 (a) shows the fracture surface of a Sn-Pb solder aged for 15 days at a temperature of 
150ºC, subjected to tensile deformation at a strain rate of 10-1s-1, indicating typical ductile 
fracture features that are characteristic of the fracture surfaces of specimens subjected to 
deformation at this condition. The fracture surface morphology changes with increasing 
aging duration. The fracture surface of Sn-Pb solder aged for 30 days at 10-2s-1 shown in  
 
 







Figure 5.39 Scanning electron micrographs showing the fracture surfaces of Sn-Pb solder 
specimens aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-2/s, (c) 60 days at 10-















Figure 5.39 (b) exhibits smooth quasi-cleavage features as well as typical ductile fracture. 
Sn-Pb solder aged for 60 days at 10-3s-1 exhibited fracture surface decorated with large 
dimples which appear to be always initiated at the coarse precipitates of the solder 
matrix, as shown in Figure 5.39 (c). The fracture surface of Sn-Pb solder aged for 15 days 
at 10-2s-1 exhibited medium-sized dimples (Figure 5.39 (d)) which are clustered in locally 
very smooth zones and appear to be initiated from small precipitates. Cross-sectional 
metallographic observations showed that these dimples, located in areas parallel to the 
loading direction, correspond to intergranular ductile fracture. The fracture surface of Sn-
Pb solder aged for 30 days at a low strain rate 10-5s-1 is shown in Figure 5.39 (e) which 
showed typical ductile features consisting of some flat areas and river patterns spreading 
over a grain with secondary cracks along the grain boundaries. Based on this observation, 
it appears reasonable to conclude that grain boundaries act as the crack initiation sites and 
inhibits the crack propagation during the specimen breaking. The fracture surface of the 
Sn-Pb solder specimen aged at 150ºC for 60 days at 10-1s-1, shown in Figure 5.39 (f), 
indicates that the transition to intergranular fracture is complete as dendritic features and 
grain boundaries predominate on the smooth, intergranular fracture surface. 
5.3.9.1 Fracture surface analysis of Sn-Pb solders reinforced with nano-copper and 
subjected to isothermal aging for different durations 
 
The fractographic features of Sn-Pb+1Cu solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figures 
5.40 (a-c). The fractographs in Figures 5.40 (a) and (b) are characterized by bimodel 
dimple morphology, indicating a ductile rupture mode. One group of dimples is around 
10μm, probably related to second phase particles, which is confirmed by a number of 
second phase particles contained in dimples.  







Figure 5.40 Scanning electron micrographs showing the fracture surfaces of Sn-Pb+1Cu 
solder specimen aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-3/s, and (c) 60 
days at 10-5/s; Sn-Pb+2Cu solder specimens aged at 150°C for (d) 15 days at 10-1/s, (e) 30 
days at 10-3/s, and (f) 60 days at 10-5/s. 
 
Another group is much smaller in size, associated with intermetallics and inclusions in 










statistically found in Figure 5.40 (a). Figure 5.40 (c) shows that quasi-cleavage is the 
dominant fracture mode after 60 days of aging at 150°C at 10-5/s, with small area 
fractions of intergranular fracture in which the fracture surface is rougher than that of the 
specimen deformed at the strain rate of 10−1 s−1. This phenomenon is due to the growth of 
intermetallic compounds in the solder matrix after prolonged aging. 
The fractographic features of Sn-Pb+2Cu solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figure 
5.40 (d-f). A significant change in the fracture morphology is observed with increasing 
aging time and decreasing strain rate, the fracture behavior is predominately ductile in 
nature with extensive necking and a dimple fracture surface at 15 days aging at 10−1 s−1 
(Figure 5.40 d). Fracture morphology changed with increasing aging duration and 
decreasing strain rate as shown in Figure 5.40 (e). The fracture behavior is Cu6Sn5’s 
cleavage and debonding along the Cu6Sn5 intermetallic and Sn-Pb solder interface at 30 
days aging and the strain rate of 10−3s−1, which mainly occurs at the dendritic arm of the 
eutectic alloy.  Further increasing aging duration, and decreasing strain rate to 10−5s−1, the 
fracture surface of the specimen shows a typically mixed mode of intergranular fracture 
and transgranular pattern, in which the area fraction of intergranular fracture is ≈50% and 
















5.3.9.2 Fracture analysis of Sn-Pb solders reinforced with nano-nickel and subjected 
to isothermal aging for different durations 
 
The fractographic features of Sn-Pb+1Ni solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figures 
5.41 (a-c). Figure 5.41 (a) and Figure 5.41 (b) for Sn-Pb+1Ni aged at 150ºC for 15 days 
at 10-1s-1 and for 30 days and at 10-3s-1, respectively, show that fracture modes are 
essentially ductile and fracture occurs by micro-void coalescence. At longer aging time 
and at lower strain rate deformation, the fracture mode remains predominantly ductile in 
nature (Figure 5.41 (b)). Although no quantitative measurements have been made, it is 
apparent that the dimple size is larger in the longer aged samples compared to that in the 
shorter aged samples. In addition to this, dimple size was found to decrease with 
increasing strain rate and increasing aging time. It is noted that the failure in this material 
is also by micro-void coalescence and the presence of nano-intermetallic second phase 
particles decreases the dimple size. However, it must be mentioned that damage such as 
cracking (or de-cohesion) at the particle–matrix interface and grain boundaries have not 
been seen even at longer aging times. For the Sn-Pb+1Ni composite solder alloy annealed 
at 150ºC for 60 days at 10-5s-1, the SEM fractography (Figure 5.41 (c)) shows a dimpled 
transgranular fracture patterns. Again, the second-phase intermetallic dispersions such as 












Figure 5.41 Scanning electron micrographs showing the fracture surfaces of Sn-Pb+1Ni 
solder specimen aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-3/s, and (c) 60 
days at 10-5/s; Sn-Pb+2Ni solder specimens aged at 150°C for (d) 15 days at 10-1/s, (e) 30 











The fractographic features of Sn-Pb+2Ni solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figures 
5.41 (d-f). From Figure 5.41 (d), it can be seen that the fracture surface for 15 days of 
aging at 10-1s-1 consist of a high density of dimples of two different sizes. In ductile 
fracture processes, the coalescence of voids is due to necking of the matrix material 
between the growing voids. On the other hand, the Sn-Pb+2Ni composite solder alloy 
aged for 30 days at 10-3s-1 exhibited dimpled transgranular fracture patterns as shown in 
Figure 5.41 (e). This figure shows that dimpled transgranular fracture patterns were 
dominating the SEM fractography even at a medium strain rate. The grain boundary 
facets were little observed on this SEM fractography. It appears that intergranular 
fracture was prevented by the presence of the Sn-Pb solder matrix containing Ni3Sn4 
intermetallic dispersions. Here, the second-phase dispersions were occasionally found on 
the bottom of the largely dimpled patterns. When aged at 150ºC for 60 days at 10-5s-1, Sn-
Pb+2Ni composite solder exhibited ductile transgranular fracture mode as shown in 
Figure 5.41 (f). As the transgranular fracture mode becomes more dominant, the lower 
tensile elongation and higher flow stress values are obtained. 
 
 
5.3.9.3 Fracture analysis of Sn-Pb solders reinforced with nano-molybdenum and 
subjected to isothermal aging for different durations 
 
The fractographic features of Sn-Pb+1Mo solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figures 
5.42 (a-c). The fractographic evaluations of the Sn-Pb+1Mo composite solder specimens 
aged at 150ºC for 15 days, deformed at strain rate of 10-1s-1, showed ductile failures 
characterized by dimpled microstructures, as shown in Figure 5.42 (a). The fractographic 




evaluations of the Sn-Pb+1Mo composite solder specimen aged for 30 days and deformed 
at 10-3s-1, showed a combination of ductile and brittle failures. While the ductile failures 
were characterized by dimples, grain boundary cracks, indicating brittle failures, were 
also noted possibly due to the reduced plastic deformation related to the strain-hardening 
effect, as shown in Figure 5.42 (b). The SEM micrograph for 60 days of aging at 10-5s-1 
(Figure 5.42 (c)) reveals that predominantly dimpled features were seen on the fracture 
surfaces, the extent of cracking being slightly more pronounced at higher aging durations, 
and lower strain rates. 
The fractographic features of Sn-Pb+2Mo solders aged at 150ºC for different time 
durations subjected to tensile deformation at different strain rates are shown in Figures 
5.42 (d-f). The fracture surface after aging for 15 days and deforming at a higher strain 
rate of 10-1s-1 is characterized with dimples, as shown in Figure 5.42 (d). However, after 
aging for 30 days at 10-3s-1, the fracture morphology is composed of a combination of 
ductile and transgranular brittle failures, as shown in Figure 5.42 (e). The fracture surface 
after aging for 60 days at 10-5s-1 is shown in Figure 5.42 (f). From the fracture surfaces, it 
is evident that the ratio of cleavage fracture to ductile fracture increases gradually with 
decreasing strain rate and increasing aging duration. 
 







Figure 5.42 Scanning electron micrographs showing the fracture surfaces of Sn-Pb+1Mo 
solder specimen aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-3/s, and (c) 60 
days at 10-5/s; Sn-Pb+2Mo solder specimens aged at 150°C for (d) 15 days at 10-1/s, (e) 
















5.3.10 Fracture surface analysis of Sn-Ag-Cu solders subjected to isothermal aging 
for different durations 
 
The fracture characteristics of Sn-Ag-Cu solder aged at 150ºC for 15 days 
subjected to tensile deformation at high and moderate strain rates are given in Figures 
5.43 (a) and (b), which indicate that regardless of whether fracture occurs at a moderate 
or a high strain rate, the fracture surface is characterized by regions of dimple features 
observed along the direction of shear, and that some second-phase particles such as 
Ag3Sn are present within these dimples. However, the strain rate appears to influence 
both the shape and the density of the dimples, reflecting different degrees of ductility of 
the specimen prior to fracture. As shown in Figure 5.43 (b), the fracture surface 
associated with a strain rate of 10-3 s−1 exhibits a flat and dimple structure. Furthermore, 
the surface areas around the dimples have a quasi-cleavage appearance, which may 
degrade the fracture resistance of the specimen. By contrast, at a higher strain rate 
deformation of 10-1 s−1, the fracture surface shown in Figure 5.43 (a) has a densely 
dimpled structure, which is typical of ductile fracture. Comparing the fracture surfaces 
presented in Figure 5.43 (a) and (b), it can be seen that a higher strain rate tends to reduce 
the size of the dimples and to increase their density. This finding seems reasonable when 
considering the large value of fracture resistance present in the high strain rate specimens 
compared to that identified in the low strain rate cases. The fracture characteristics of Sn-
Ag-Cu solder aged at 150ºC for 30 days subjected to tensile deformation at lower and 
higher strain rates are shown in Figure 5.43 (c) and (d). It can be seen that at the lower 
deformation strain rate of 10-4 s−1, the fracture surface consists of ductile dimple features 
and quasi-cleavage facets of 1 μm size as shown in Figure 5.43 (c). At a higher 
deformation strain rate of 10-1 s−1, the fracture surface mainly consists of fractured Ag3Sn 





intermetallic particles and larger and deeper dimples with more deformation traces as 




Figure 5.43 Scanning electron micrographs showing the fracture surfaces of Sn-Ag-Cu 
solder specimens aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-2/s, (c) 60 days 











The fracture characteristics of Sn-Ag-Cu solder aged at 150ºC for 60 days 
subjected to tensile deformation at lower and higher strain rates can be seen more clearly 
in Figures 5.43 (e) and (f). In the later case of higher deformation strain rate of 10 s , 
the fracture surfaces are covered with large dimples indicating a ductile transgranular 
mode of fracture, as shown in Figure 5.43 (e). At the lower deformation strain rate of 10
s , the fractured specimens show external brittle rings of 20 μm wide, with traces of 
ductile dimples, as can be seen in Figure 5.43 (f). 
5.3.10.1 Fracture surface analysis of Sn-Ag-Cu solders reinforced with nano-nickel 
and subjected to isothermal aging for different durations 
Figure 5.44 (a) shows the fracture surfaces of Sn-Ag-Cu+1Ni composite solder 
specimens aged at 150ºC for 15 days at 10 s . In the fracture surfaces, a large number of 
dimples are observed, which indicates plastic fracture. In the fracture surfaces of Sn-Ag-
Cu+1Ni composite solders aged for 30days, obvious dimples in matrix are also observed, 
which indicates the fracture type of the composites is also plastic. When the duration of 
aging is increased, cases of cracked intermetallic particles become less and quasi-
cleavages around particles become bigger, as shown in Figure 5.44 (b). Furthermore, 
much more fracture or decohesion of the coarse constituent particles and holes were 
observed in the case of composite solder aged for 60 days and deformed at a lower strain 
rate of 10 s  as shown in Figure 5.44 (c). This indicates that reinforcements undertake 
loading debond more readily with the increasing of aging duration. The debonding of 
reinforcements becomes very severe at higher duration of aging, which prevented the 
load to transfer from matrix alloy to the reinforcements. Thus the improvement in the 























Figure 5.44 Scanning electron micrographs showing the fracture surfaces of Sn-Ag-
Cu+1Ni solder specimen aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-3/s, and 
(c) 60 days at 10-5/s; Sn-Ag-Cu+2Ni solder specimens aged at 150°C for (d) 15 days at 
10-1/s, (e) 30 days at 10-3/s, and (f) 60 days at 10-5/s. 
 
 




The fractographic features of Sn-Ag-Cu+2Ni solders aged at 150ºC for different 
time durations subjected to tensile deformation at different strain rates are shown in 
Figures 5.44 (d-f). Figure 5.44 (d) shows the fracture surface after aging for 15 days at 
10-1s-1 to consists of ductile transgranular shear fracture, showing large planar areas 
crossed by intense slip lines. Aging for 30 days at 10-3s-1 gave rise to ductile transgranular 
fracture, characterized by dimples, the center of which contain constituent particles such 
as Ni3Sn4 and Ag3Sn in the solder matrix, as can be seen in Figure 5.44 (e). The fracture 
surface after aging for 60 days at 10-5s-1 (Figure 5.44 (f )) reveals that the composite 
solder grains fail predominately by transgranular cleavage, and a flat facet can be seen in 
the surface. These flat areas are frequently the result of cleavage of localized groups of 
second phase intermetallic grains. 
 
5.3.10.2 Fracture surface analysis of Sn-Ag-Cu solders reinforced with nano-
molybdenum and subjected to isothermal aging for different durations 
Figures 5.45 (a) and (b) show typical fracture morphology of Sn-Ag-Cu+1Mo 
composite solder aged for 15 days at 10-1s-1 and for 30 days at 10-3s-1, respectively. The 
fracture modes of both specimens were essentially ductile and fracture occurred 
predominantly by microvoid coalescence. The most favored nucleation sites for 
microvoids were between the closely spaced second phase particles or at the intersection 
of solder matrix and intermetallics indicated by the longitudinal section morphology 
adjacent to the necked zone. As can be seen in Figure 5.45 (c), some ductile features 
appeared on the fracture surfaces of composite solder aged for 60 days at 10-5s-1. 
Moreover, a few volcano-like areas were formed around the larger inclusions  







Figure 5.45 Scanning electron micrographs showing the fracture surfaces of Sn-Ag-
Cu+1Mo solder specimen aged at 150°C for (a) 15 days at 10-1/s, (b) 30 days at 10-3/s, 
and (c) 60 days at 10-5/s; Sn-Ag-Cu+2Mo solder specimens aged at 150°C for (d) 15 days 
















on the fracture surfaces. The surfaces of these volcanoes and the adjacent areas appeared 
relatively smooth, as shown in Figure 5.45 (c). In addition, the dimples became smaller 
and shallower for higher aging times as compared to pure samples, which can be proved 
by measuring the sizes of dimples observed on the fracture surfaces of the composites. 
Figure 5.45 (d) shows typical fracture morphology of Sn-Ag-Cu+2Mo composite 
solder aged for 15 days at 10-1s-1, which exhibits a ductile mode of failure by microvoid 
coalescence. Little brittle-like feature could be identified on the fracture surfaces, even 
around the inclusions with large size. However, for Sn-Ag-Cu+2Mo composite solder 
aged for 30 days at 10-3s-1, a distinct quasi-cleavage pattern was observed around the 
inclusions.  A greater area of quasi-cleavage pattern has been observed in Figure 5.45 (e).  
Fracture surfaces of Sn-Ag-Cu+2Mo composite solder aged for 60 days at 10-5s-1, show 
transgranular cracking at a scale of about 1 μm with planar cleavage microfacets as 
shown in Figure 5.45 (f). This ‘pseudo-intergranular’ cracking is attributed to second 
phase particle trapping by the beta-tin phase in the vicinity of the grain boundaries.  
 
5.3.11 Mechanisms for crack initiation 
 
According to the above observations of the deformation of composite solder 
specimens, the possible crack initiation mechanisms are discussed below. 
 
5.3.11.1 Dislocation mechanism 
 
When the composites are subjected to a pull force, the obvious interleaved slip 
bands are observed. The dislocations are accumulated when they meet the dispersed 
intermetallic or second phase particles or the crystal boundaries. This results in stress 
concentration. In addition, stress concentrations are also generated at the crossing of two 




dislocation bands. The stress concentrations lead to the crack breach initiations and 
growth. According to the dislocation accumulation theory [242], the model for the 
particles standing force during the pull-off course is established as shown in Figure 5.46.  
 












Figure 5.46 Model for the particles standing force during the pull-off course. 
 
xσ  is the tensile stress applied on the ends and aτ  is the component shearing stress in the 
dislocation accumulation slippage surface. 
 The criterion for the interface between the intermetallic particles/ second phase 
particles and the solder matrix disengaging is: 
thxx n σσξσ ≥+′ .                                           (5.4) 
where thσ  is the interface bond strength of the intermetallic particles and the solder 
matrix; xσ ′  is the tensile stress applied on the end of the particles due to the deformations 
of the intermetallic particles and the solder matrix; xnσξ .  is the stress concentration 
generated by the dislocation accumulation; n is the minimal dislocation numerical 
measurement for the interface disengaging; ξ is the coefficient related to the structures of 
the materials and the deforming conditions, 0 < ξ < 0.5. 
In order to explain the model, the intermetallic particles are simplified as 
ellipsoids, and further as a short cylinder with height a and diameter b. According to 




reference [243], the stress xσ ′  applied on the end of the second phase/intermetallic 









⎛ +==′                                (5.5) 
 
where k is the coefficient for the strain hardening, and θ the exponent. Using Eqs. (5.4) 
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From Eq. (5.6), the minimal dislocation numerical measurement for the interface 
disengaging is dependent on the interfacial bonding strength, applied load and the 
properties of the matrix materials. 
 
5.3.11.2 Cavity-nucleation mechanism 
 
Fracture in nano-composite solders  mainly due to the cavitation-nucleation 
mechanism as discussed below: 
During the initial stage of the tensile loading, the composite solder exhibits 
obvious plastic deformation due to the relative motions of the intermetallic particles such 
as Cu6Sn5, Ni3Sn4 and the solder matrix, and sharp slip bands are observed. When the 
plastic deformation is developed to some degree, the relative motions are impeded 
because of the dislocation accumulations and the crystal boundaries. Thus, large stress 
concentrations are generated in the interfaces of the intermetallic particles and the solder 
matrix. When the shearing stress is larger than the interface bonding strength and the 
shearing strength of the intermetallic particles, the intermetallic particles are disengaged 




from the solder matrix and broken, respectively, and the cavities are formed near the 





The main purpose of this chapter was to investigate the tensile deformation 
properties of the newly developed nanocomposite solder alloys aged at 150 ºC for 
different durations and subjected to deformation at different strain rates, and to compare 
the performance of solders in real working environments. In this study, the influence of 
aging treatment and strain rate on the deformation characteristics, and the fracture 
mechanics of Sn-Pb and Sn-Ag-Cu based composite solders were investigated. The test 
conditions cover the range of temperature, aging durations and strain rates which are 
relevant for the evaluation of solder joint reliability.  
It was observed that the 2% offset flow stress increased substantially with 
increasing strain rate in all the composite solders studied. In contrast, flow stress 
decreased with increasing isothermal aging duration at 150 ºC. The strain rate 
dependence of flow stress was stronger at higher aging durations for the pure Sn-Pb and 
Sn-Ag-Cu solders, but it was weaker for composite solders reinforced with nano-
molybdenum, since rate-dependent plasticity mechanisms such as dislocation climb are 
more active at higher temperatures. Since the contribution of creep relaxation decreases 
with increasing strain rate, the flow stress properties were found to be less sensitive to 
isothermal aging duration at higher strain rates. It was found that the stress exponents 
decreased with increasing aging duration, in all the composites investigated in the present 




study. An analysis of the shapes of the stress–strain-rate curve indicated that the rate of 
the dislocation density decreased with strain.  
It was found that the strain-hardening exponent of Sn-Pb and Sn-Ag-Cu based 
nanocomposite solders decreased with increasing aging durations in all the nano-
composite solders investigated. The reduction in strain hardening exponent was lowest 
for composite solders reinforced with nano-molybdenum. Some mechanisms for the 
observed change in mechanical properties were suggested. 
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Chapter 6 




Solder materials are used for micro-electronic interconnects in a wide range of 
applications in electronic devices as well as in many different fields. Interconnections 
serve two purposes: they maintain electrical integrity and provide mechanical support, for 
example between components and printed circuit boards. They are integral parts of 
electronic packages, which consist of various and often substantially different materials. 
These days, miniaturization causes a decrease in the characteristic dimensions of 
solder interconnections. Currently, solder interconnections of less than 100 μm thick are 
being used, and the microelectronics industry is rapidly moving to a 35 μm solder 
thickness technology. Miniaturization relates to the reduction in the size of electronic 
products, and consequently to the dimensions of individual components and the spacing 
between them. These developments have reached to a stage where the size of the 
terminations (i.e. the region on a package surface that has been coated with solderable 
layer to promote wetting) has become significant, and separation distances may result in 
leakage or shorting. Tolerances, both in manufacture and assembly, have become much 
finer, and handling difficulties have increased. 
The fatigue behavior of soldered assemblies in electronic products is a major 
reliability concern. Solder is often the weakest material in an electronic assembly and is 
usually subject to low cycle fatigue (LCF) failures. Purely mechanical origins of fatigue 
failure range from high frequency vibrational stresses of small magnitude, as in 
automobile or aerospace electronics, to occasional high stress applications as, for 
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example, in keypad pressing. PCB flexing or twisting can transmit stress to the 
components and joints, and the location of fixture points is very critical. Components 
should have their short edge on the bend radius to minimize this problem. The size of the 
defect (crack) depends upon the number of applications and the stress (or strain) range. 
Most fatigue cracks originate at the surface, particularly at stress concentrating features, 
such as corners in the section, or at internal discontinuities. In the absence of these, the 
number of cracks tends to fall with increasing stress or strain amplitude. Most of cracks 
tend to become redundant when a major crack grows; either transmits intergranularly, or 
propagates until fracture. Under some circumstances, such as when the crack extends 
away from its driving force, propagation may cease. The most common cause of failure 
of electronics equipment during service is thermo mechanical fatigue (TMF) of the 
soldered interconnection. The underlying source of such failure is the wide disparity in 
the coefficients of thermal expansion, α, that exists between the material components of a 
joint (for example, α for alumina: 8.8 × 10−6 K−1 , for GFRP: 17 × 10−6 K−1 , and for a 
eutectic tin-lead solder: 22 × 10−6 K−1 ). Thermal fluctuations, arising from either power-
on/off switching or from changes in the external environment, generate strains that 
eventually lead to crack initiation, growth and final failure. The problem is particularly 
acute for surface mount joints, where the entire mismatch must be accommodated at the 
package-board interface. 
A good understanding of the fatigue properties of solder alloys is important for 
evaluating the reliability of solder joints, since thermo-mechanical fatigue can cause 
cyclic mechanical deformation at solder joints (e.g. environmental-temperature cycles on 
joined materials with different coefficients of thermal expansion). 
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Sn–Pb solder has been widely used as a soft soldering material for electrical 
contacts and electronic products because of its low melting point, good working 
performance, good wettability and bond strength on copper [244-245]. The structural 
integrity of solder joints is important for the reliability of electronic packaging in 
microelectronic industries, since they provide not only electrical and thermal connections 
but also structural strength. Since thermal cycles produce cyclic stresses in the joints, 
fatigue research of tin–lead solder is needed for the assessment of their reliability. In 
recent years, considerable efforts have been made to understand the fatigue behavior and 
to establish the fatigue design criteria of solder material. Kanchanomai et al. [246-247] 
and Solomon et al. [248] studied the temperature and strain-rate dependence of low-
cycle-fatigue behavior of Sn-Pb eutectic solder. Shi et al. [249] investigated the 
temperature and the frequency effects on the low cycle fatigue of 63Sn–37Pb eutectic 
solder alloy and proposed a frequency-modified Coffin–Manson model. Fatigue failure of 
solder alloys was explained in different perspectives in the literature. In the study of 
uniaxial low cycle fatigue of tin–lead solders, Stolkarts et al. [250] predicted that the 
descending curve of the peak stress with cycle can be split into three stages: transient, 
steady state and tertiary stages. The first stage was the shortest and characterized by an 
initial sharp drop in peak stress. The second stage had the longest duration and took an 
almost constant rate of decline. This region was characterized by a nearly straight line. 
Finally, the third stage showed an accelerated decline in peak stress, leading to ultimate 
failure. Stolkarts et al. [250] denoted the transition point from the steady state to the 
tertiary state as Nf (fatigue life) for uniaxial loading. In the ASTM standard for strain-
controlled fatigue testing [251], a 50% reduction of maximum tensile load was 
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recommended in defining the fatigue life. Kanchanomai et al. [252] reported that the 
fatigue lifetime of solders corresponding to this definition was often beyond the onset of 
acceleration of softening. Consequently, they defined fatigue life as the number of cycles 
corresponding to a 25% reduction of the maximum stress. For torsional fatigue no similar 
studies can be found. 
In recent years, increasing emphasis has been placed on the development of lead-
free solders, due to environmental and health concerns related to the toxicity of lead. Tin-
silver eutectic solder is an attractive alternative alloy, which meets the requirements of a 
demanding, high temperature service environment as experienced in various industries, 
e.g. automotive and food processing industries [253]. However, only limited work has 
been done to date on the LCF of lead-free solders [254-257]. For the evaluation of time-
dependent low cycle fatigue life, the traditional models are often restricted to linear-
fatigue interaction [258]. These models include (a) the linear interaction rule [259-260]; 
(b) The Coffin model, [261], where the frequency is introduced in the Manson-Coffin 
relation [262-263]; (c) the strain range partitioning [264]; (d) the energy-based model 
[265-266], where the frequency is introduced in the Morrow energy model [267]. These 
simplified models are able to evaluate the fatigue life under strain cycling at different 
strain amplitudes. 
 
The objective of this research is to study the effect of nano-copper, nano-nickel, 
and nano-molybdenum on the low cycle fatigue (LCF) behavior of Sn-Pb, Sn-Ag-Cu 
based composite solders. Various LCF life prediction models are evaluated and 
mechanisms of LCF crack initiation, as well as LCF crack propagation, are proposed. 
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6.2 Experimental 
Table 4.1 lists the chemical compositions of the nano-composite solders used in 
this study.  Low-cycle fatigue tests were performed on hour-glass shaped test specimen as 
shown in Figure 6.1. The hour-glass test specimen has a central diameter of 3 mm, and a 
gauge length of 4.5 mm with a radius of curvature of 50 mm at the central region. The 
large radius of curvature of 50 mm over the 4.5 mm gauge length central region poses 
minimal effects on the uniformity of the strain at the gauge length region. Due to the 
large radius used (50 mm), the stress–strain concentration is also minimized. The 
machined hour-glass shaped test specimens were annealed at 50ºC for 24 hours to 
minimize the residual stresses originated from machining.  
 
 
Figure 6.1 Geometry of fatigue specimen (all dimensions are in mm). 
 
The tests were carried out in air by employing sinusoidal waveform, using an 
Instron 8801 servo hydraulic testing machine. The low cycle fatigue tests were conducted 
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under strain-controlled and fully reversed conditions at ambient temperature, under four 
different strain amplitudes of 0.5, 1, 1.5 and 2%. During the test, stress-strain response of 
each specimen was recorded for every cycle by a computer data-acquisition system. 
Fatigue failure was defined as the cycle of 30% stress drop from saturation [268]. To 
reveal the fractographic morphogies, the outer surface, the fatigue crack surfaces, and the 
longitudinal sections of the failed specimens were examined using a scanning electron 
microscope (SEM). 
6.3 Results and Discussion 
 
6.3.1 Cycle – Dependent Softening 
 
Three types of prediction models were verified by using the LCF results of the 
presently developed novel nano composite solders, and the predictive capability was also 
assessed. 
 Variation of stress amplitude in each cycle with number of cycles under strain 
amplitude of 0.5% is shown in Figure 6.2 as an example of the LCF behavior for the Sn-
Pb based nano-composite solders. The tensile peak stress rapidly decreased from the start 
of the test. This is the first stage of LCF behavior, which includes cyclic softening and 
initiation and coalescence of micro-cracks [269]. The second stage in each curve of 
Figure 6.2 shows a steady reduction in tensile peak stress with number of cycles. The 
tensile peak stress decreased linearly with cycles indicating a stable fatigue crack 
propagation process during this stage. The final stage shows another rapid reduction of 
tensile peak stress until ductile rupture of the specimen. In this study, the corresponding 
number of cycles for a 30% load drop from the initial tensile peak stress was defined as 
the fatigue  
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Figure 6.2 The change in stress amplitude during fatigue test of Sn-Pb based composite 
solders at 25ºC subjected to a strain range of 0.5%. 


























Figure 6.3 The change in stress amplitude during fatigue test of Sn-Pb+2Ni composite 
solders at 25ºC subjected to different strains, ranging from 0.5% to 2%. 
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life, as shown in Figure 6.2. The data shows that the stress amplitude decreased with the 
number of fatigue cycles, indicating a cycle-dependent softening behavior. Figure 6.3 
shows the cyclic stress history of the Sn-Pb+2Ni nano-composite solder, tested at four 
different strain amplitudes of 0.5, 1, 1.5 and 2%, which showed similar cycle-dependent 
softening behavior. With increasing strain amplitudes, cyclic softening was accelerated so 
that the fatigue life of the SP+2Ni specimen was shortened from over 13,240 cycles at a 
strain amplitude of 0.5% to less than 2,000 cycles at a strain amplitude of 2%. 
 




























Number of Cycles (Nf)
 
Figure 6.4 The change in stress amplitude during fatigue test of Sn-Ag-Cu based 
composite solders at 25ºC subjected to a strain range of 1%. 
 
Figure 6.4 shows the relations between the stress amplitude and the number of 
cycles for Sn–Ag-Cu based composite solders. All data were plotted from the results of 
low-cycle fatigue tests carried out at a total strain amplitude of 1%. The stress amplitude 
of Sn–Ag-Cu, and its composite solders decreased with the increasing number of cycles. 
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The shrinkage rates of stress amplitude of Sn–Ag-Cu composite solders reinforced with 
nano-nickel, and nano-molybdenum were slower than that of Sn–Ag-Cu at total strain 
ranges investigated in Figure 6.4. In particular, compared with Sn–Ag-Cu at a total strain 
range of 1%, Sn–Ag-Cu composite solders indicated a long continuing gentle slope. In 
this study, the fatigue life was determined as the number of cycles corresponding to a  
30% reduction of the maximum stress amplitude. 
 



























Figure 6.5 The change in stress amplitude during fatigue test of Sn-Ag-Cu+2Mo 
composite solders at 25ºC subjected to different strains, ranging from 0.5% to 2%. 
 
Figure 6.5 shows the change in stress amplitude during fatigue test of Sn-Ag-
Cu+2Mo composite solders subjected to different strain amplitudes ranging from 0.5% to 
2%. The stress amplitude of Sn-Ag-Cu+2Mo composite solders decreased with the 
increasing number of cycles, and it became lesser in the lower strain range and its rate 
was slower than in the higher strain range. With increasing strain amplitudes, cyclic 
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softening was accelerated so that the fatigue life of the SAC+2Mo specimen was 
shortened from over 6,538 cycles at a strain amplitude of 0.5% to less than 600 cycles at 
a strain amplitude of 2%. 
In most metals, such as aluminum alloys and steels, cycle-dependent softening or 
hardening behavior, especially at low strain amplitudes, is typically limited to the first 
few fatigue cycles and cycle-dependent behavior is followed by a steady-state response 
before a dominant or multiple fatigue cracks develop, which then cause rapid softening of 
the material over a small number of fatigue cycles [270]. As Figure 6.4 indicates, no 
steady-state response was observed in the Sn-Ag-Cu eutectic alloy. Instead, the cyclic 
softening continued to intensify over most of the fatigue life of the specimen, following 
the initial decrease in the cyclic stress amplitude until the final failure of the specimen. 
The cycle-dependent softening curves of the Sn-Ag-Cu alloy could be divided into two 
major stages. In the initial stage, the cyclic stress amplitude decayed gradually with the 
number of fatigue cycles, and the specimen maintained most of its load-carrying capacity. 
This was then followed by the final stage where the cyclic stress amplitude fell rapidly.  
 
6.3.2 Stress-Strain response 
Figure 6.6 shows typical hysteresis loop observed at total strain range of 1% for 
third cycle for the Sn-Pb solder specimen. Young’s modulus obtained from the hysteresis 
loop was about 28.9GPa that agrees well with typical value measured for the Sn-Pb 
specimen in chapter 3.  This agreement in the measured value of the modulus means that 
the strain measurement method adopted here is appropriate, and that the testing method 
enables one to precisely measure the mechanical response of composite solder specimens. 
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The hysteresis loop, as shown in Figure 6.6, was plotted and used for determining the 
plastic strain range ( pεΔ ) by subtracting the elastic strain range ( eεΔ ) from the total 
strain range ( TεΔ ). This plastic strain range is equivalent to the width of the hysteresis 
loop and was constant during the fatigue test. Similar stress-strain hysteresis loops of Sn-
Pb+2Ni composite solder specimens were observed at the 3rd, 1250th, 3000th, 4500th, 
7500th, and 10000th cycles tested at a total strain range of 1%, at ambient temperature, 
























Figure 6.8 Cyclic stess-strain hysteresis loop for total strain range of 1%, at 25ºC of Sn-
Ag-Cu solder. 
 
Stress-strain hysteresis loop of Sn-Ag-Cu solder at the third cycle for 1% total 
strain range is shown in Figure 6.8. The Young’s modulus obtained from the hysteresis 
loop of about 41.9 GPa is in good agreement with the modulus value measured for Sn-
Ag-Cu solder during uniaxial tensile testing as reported in chapter 3. For the same total 
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strain range, the stress range increased while the plastic strain range decreased with 
increasing amounts of nano particle reinforcement. These results correspond to a greater 
tensile strength and microhardnesses measured for nano-composite Sn-Ag-Cu solder 
alloys. For Sn-3.8Ag-0.7Cu, the stress range and plastic strain range are not very 
different when compared with those of Sn-3.5Ag. The plastic strain range increased with 
the applied total strain range but did not vary with the number of cycles for the alloys 



























Figure 6.9 Hysteresis loops evolution as a function of cycle number for Sn-Ag-Cu solder. 
 
Figure 6.9 shows the cyclic stress-strain hysteresis loops of Sn-Ag-Cu solder at 
the 3rd, 30th, 300th and 1500th cycle tested at a strain amplitude of 1%. For each fatigue 
cycle, the relationship between stress and strain is strongly dependent on the loading 
history. The dependence is shown in Figure 6.9, where the stress-strain curves for 
successive cycles are given for an applied strain amplitude of 1%. Initially, the stress-
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strain curve of the alloy followed a nearly symmetrical hysteresis loop, typical of most 
ductile metals. During fatigue cycling, the size of the hysteresis loop decreased with the 
number of fatigue cycles. After 1500 cycles, the hysteresis loops became notably smaller. 
Such a progressive reduction of the loop size is consistent with the variation of the cyclic 
stress amplitude with the cycle number as shown in Figure 6.4. With continued cycling, 
the shape of the hysteresis loop also changed significantly. In the initial cycle, the loop 
contained long, well-defined elastic regions. Those elastic regions could be readily 
identified as the linear segments on the left and right side of the loop. However, as the 
cycle number increased, the elastic regions became smaller and smaller until the linear 
segments became indistinguishable in the loop. In addition, the loop turned slightly 
asymmetric in tension and compression, with the apparent yield strength slightly higher 
in compression than in tension. 
 
































Figure 6.10 Variation of fatigue life (cycles) as a function of nano-particle addition for 
Sn-Pb composite solders at the strain range of 0.5%. 
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The fatigue life data of Sn-Pb, as well as nano-particle reinforced Sn-Pb solder 
composites are presented in Figure 6.10. All the solder samples were tested at the same 
strain amplitude of 0.5%. The fatigue life of pure Sn-Pb solder was found to be 5922 
cycles, which is comparable to the reported data [272]. However, the nano-composite 
solders exhibited significantly higher fatigue life than that of Sn-Pb solder. The fatigue 
life of Sn-Pb+1Cu is about 7104. In other words, the fatigue life of Sn-Pb+1Cu is 19.9% 
higher than unreinforced Sn-Pb eutectic solder. For the Sn-Pb+1Ni , the fatigue life is 
found to be 8573. Therefore, the fatigue life of Sn-Pb+1Ni composite is about 44.8% 
higher than that of pure Sn-Pb solder. Sn-Pb+1Mo composite solder exhibited fatigue life 
of 10734, which is 81.3% higher than that of pure Sn-Pb solder. 
2 wt. % addition of nano-copper to the Sn-Pb solder improved the fatigue life by 
55.6% and resulted in fatigue life of 9212 cycles. Sn-Pb, reinforced with 2 wt.% of nano-
nickel exhibited the highest fatigue life of 13240, among all the composite solders 
investigated. It can be found that 2 wt.% nano-nickel has drastically improved the fatigue 
life by 123.8%; whereas 2 wt.% nano-molybdenum has marginally increased the fatigue 
life by 44.6% to 8565 cycles.  
Fatigue life data of Sn-Ag-Cu, and its composites are depicted in Figure 6.11. It is 
evident from the graph that Sn-Ag-Cu solder exhibited a fatigue life of 10515 cycles, at 
the tested strain amplitude of 0.5%. This value is in accordance with the reported data in 
the literature [272]. The fatigue life of Sn-Ag-Cu significantly improved with the 
reinforcement of nano-nickel. 1 wt.% addition of nano-nickel has improved the fatigue 
life by 16.5%, and resulted in a fatigue life of 12250, where as 2 wt.% nano-nickel 
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addition resulted in the fatigue life of 14205, which is 35.1% higher than that of pure Sn-
Ag-Cu solder.  

























Figure 6.11 The fatigue life data (cycles) as a function of nano-particle addition for Sn-
Ag-Cu composite solders at the strain range of 0.5%. 
 
Nano-molybdenum addition had shown mixed effects on the fatigue life properties of Sn-
Ag-Cu solder. 1 wt.% nano-molybdenum addition had resulted in the fatigue life of 
11500, which is 9.37% higher than that of pure Sn-Ag-Cu solder. On the other hand, 
increasing weight fraction of nano-molybdenum from 1 wt.% to 2 wt.% drastically 
reduced the fatigue life of composite solder by 37.8%. This is expected that there is no 
coherency between solder matrix and molybdenum nano particles, because of this 
incoherency the interfacial strength between solder matrix and particles weaker than the 
solder matrix itself. Therefore, the shear localization at the interface leads to the failure at 
lower deformation. Hence, the fatigue life of the solders doped with nano-molybdenum 
reduced, moreover, this phenomenon is more predominant beyond 1 wt.% addition. 
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6.3.3 Cyclic Stress-Strain Relationships 
 
The plastic strain range is not influenced significantly by cycling. Plastic strain 
ranges, therefore, are plotted against stress ranges on the log-log scale. The data could be 
fitted by a straight line, which is represented in the following form of equation: 
βεσ pAΔ=Δ                                                     (6.1) 
Where σΔ  = Stress range 
            pεΔ = Plastic strain range obtained from the width of hysteresis loop. 
             A = The cyclic strength coefficient. 




























Figure 6.12 Relationship between the stess range and the plastic strain range of Sn-Pb 
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The relationship between the stress range and the plastic strain range of the Sn-Pb 
based composite solders at 25 ºC is shown in Figure 6.12. Plastic flow model constants 
(A and β) for Sn-Pb based nano-composite solders are shown in Table 6.1.  
 
Table 6.1 Plastic flow model constants (A and β) for Sn-Pb based nano-composite 
solders. 
 
Solder Material A β 
SP 56.6 0.021 
SP+1Cu 75.9 0.048 
SP+1Ni 94.1 0.069 
SP+1Mo 123.1 0.063 
SP+2Cu 103.1 0.065 
SP+2Ni 137.1 0.097 
SP+2Mo 151 0.086 
 
 
 The relationship between the stress range and the plastic strain range of the Sn-
Ag-Cu based composite solders at 25 ºC is shown in Figure 6.13. Plastic flow model 
constants (A and β) for Sn-Ag-Cu based nano-composite solders are shown in Table 6.2. 
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Figure 6.13 Relationship between the stess range and the plastic strain range of Sn-Ag-Cu 




Table 6.2 Plastic flow model constants (A and β) for Sn-Ag-Cu based nano-composite 
solders. 
 
Solder Material A Β 
SAC 158.1 0.076 
SAC+1Ni 162.3 0.098 
SAC+2Ni 185.8 0.105 
SAC+1Mo 196.2 0.092 
SAC+2Mo 201.8 0.089 
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6.3.4 Strain-life curves 
6.3.4.1 Coffin-Mansion model 
It is well known that relation between plastic strain range and number of cycles to 
failure follows the Coffin-Manson equation [263-264] 
CN fp =Δ αε                                           (6.2) 
where    pεΔ  = Plastic strain range 
                =  Fatigue life fN
               α  =  Fatigue ductile exponent 





CN fp =Δ αε
























Figure 6.14 Coffin-Manson plots relating the fatigue life with the plastic strain range for 
Sn-Pb based composite solders. 
 
Coffin-Manson plots relating the fatigue life with the plastic strain range for Sn-Pb based 
composite solder is shown in Figure 6.14. Coffin-Manson model constants (α and C) for 
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Sn-Pb based nano-composite solders, obtained by the least squares method, are 
summarized in Table 6.3. All Sn-Pb based composite solders followed the Coffin-
Manson relationship with correlation coefficient of about 0.9. 
 
Table 6.3 Coffin-Manson model constants (α and C) for Sn-Pb based nano-composite 
solders. 
 
Solder Material α C 
SP 0.71 1.74 
SP+1Cu 0.78 3.55 
SP+1Ni 0.68 1.52 
SP+1Mo 0.85 6.47 
SP+2Cu 0.65 1.32 
SP+2Ni 0.62 1.1 
SP+2Mo 0.89 8.41 
 
  
Coffin-Manson model constants (α and C) for Sn-Ag-Cu based nano-composite 
solders, obtained by the least squares method, are summarized in Table 6.4. All Sn-Ag-
Cu based composite solders followed the Coffin-Manson relationship with correlation 
coefficient of about 0.9. Coffin-Manson plots relating the fatigue life with the plastic 
strain range for Sn-Ag-Cu based composite solders is shown in Figure 6.15. 
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Figure 6.15 Coffin-Manson plots relating the fatigue life with the plastic strain range for 




Table 6.4 Coffin-Manson model constants (α and C) for Sn-Ag-Cu based nano-composite 
solders. 
 
Solder Material α C 
SAC 0.84 9.87 
SAC+1Ni 0.73 5.39 
SAC+2Ni 0.76 6.83 
SAC+1Mo 0.97 29.31 
SAC+2Mo 0.94 10.14 
 
6.3.4.2 Smith-Watson-Topper model 
 The Smith–Watson–Topper (SWT) model [273] assumes that the fatigue life for 
any mean stress depends on the product Tεσ Δmax : 
DN mfT =Δ )( max εσ                               (6.3) 
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where maxσ  = The maximum nominal stress applied to the undamaged sample 
 TεΔ    =   The total strain range 
   m   =    Fatigue ductility exponent 
   D   =     Fatigue ductility coefficient 
 
Relation between SWT parameter and fatigue life for Sn-Pb based composite 
solders is shown in Figure 6.16. Smith-Watson-Topper (SWT) model constants (m and 
D) for Sn-Pb based nano composite solders, obtained by the least squares method, are 
summarized in Table 6.5. All Sn-Pb based composite solders followed the Smith-
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Table 6.5 Smith-Watson-Topper (SWT) model constants (m and D) for Sn-Pb based 
nano-composite solders. 
 
Solder Material m D 
SP 0.85 223.8 
SP+1Cu 0.89 410.0 
SP+1Ni 0.93 783.7 
SP+1Mo 0.96 1566.8 
SP+2Cu 1.01 1840.7 
SP+2Ni 0.74 265.8 
























Figure 6.17 Relation between SWT parameter and fatigue life for Sn-Ag-Cu based 
composite solders. 
 
Relation between SWT parameter and fatigue life for Sn-Ag-Cu based composite 
solders is shown in Figure 6.17. Smith-Watson-Topper (SWT) model constants (m and 
D) for Sn-Ag-Cu based nano composite solders, obtained by the least squares method, are 
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summarized in Table 6.6. All Sn-Ag-Cu based composite solders followed the Smith-
Watson-Topper (SWT) relationship with correlation coefficient of about 0.9. 
 




Solder Material m D 
SAC 1.08 4620 
SAC+1Ni 0.98 3941 
SAC+2Ni 0.96 4037 
SAC+1Mo 1.21 2948 
SAC+2Mo 1.27 2094 
 
6.3.4.3 Morrow energy based model (plastic strain energy density-life model) 
The plastic strain energy density can be interpreted as the distortional energy 
associated with a change in the shape of a volume element. This is related to failure, 
particularly under conditions of ductile behavior. It can be numerically evaluated as the 
inner area ( ) of the saturated stress–strain hysteresis loop for uniaxial fatigue tests. 




f =                                     (6.4) 
where     = The plastic strain energy density pW
             = Fatigue life fN
              m = Fatigue exponent 
              C = Fatigue coefficient 
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Figure 6.18 Relation between Inelastic strain energy density and fatigue life for Sn-Pb 
based composite solders. 
 
Relation between inelastic strain energy density and fatigue life for Sn-Pb based 
composite solders is shown in Figure 6.18.  Morrow’s model constants (θ and δ ) for Sn-
Pb based nano-composite solders, obtained by the least squares method, are summarized 
in Table 6.7. All Sn-Pb based composite solders followed the Morrow’s model with 
correlation coefficient of about 0.9.  
Table 6.7 Morrow’s model constants (θ and δ) for Sn-Pb based nano-composite solders. 
 
Solder Material θ δ 
SP 0.96 624.5 
SP+1Cu 0.82 255.9 
SP+1Ni 1.05 2235.5 
SP+1Mo 1.12 6817.0 
SP+2Cu 0.98 1679.7 
SP+2Ni 0.92 1457.7 
SP+2Mo 1.08 4212.9 
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Relation between Inelastic strain energy density and fatigue life for Sn-Ag-Cu 
based composite solders is shown in Figure 6.19.  Morrow’s model constants (θ and δ ) 
for Sn-Ag-Cu based nano-composite solders, obtained by the least squares method, are 
summarized in Table 6.8. All Sn-Ag-Cu based composite solders followed the Morrow’s 



































Figure 6.19 Plastic strain energy density versus fatigue life for Sn-Ag-Cu based 
composite solders. 
 
Table 6.8 Morrow’s model constants (θ and δ) for Sn-Ag-Cu based nano-composite 
solders. 
 
Solder Material θ δ 
SAC 1.26 2840 
SAC+1Ni 1.06 8573 
SAC+2Ni 1.08 1315 
SAC+1Mo 1.39 1606 
SAC+2Mo 1.32 3436 
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6.3.4.4 Ductility modified Coffin-Manson’s relationship 
The fatigue life of the present solders is dominated by the fracture ductility and 
can be described by the ductility modified Coffin-Manson’s relationship as follows: 
CND fp =Δ αε )2/(                                           (6.5)          
where ( Dp 2/εΔ )  = Ductility normalized plastic strain range 
              D   =     Fatigue ductility coefficient 


























Ductility modified C-M equation










Figure 6.20 Ductility normalized plastic strain range, as a function of fatigue life for Sn-
Pb based composite solders. 
 
The ductility normalized plastic strain range ( Dp 2/εΔ ) is plotted with number of 
cycles to failure on the log-log scale, as shown in Figure 6.20 for Sn-Pb based composite 
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solders. All the results lie on a common straight line. The equation can be given as 
follows: 
 
12)2/( 04.1 =Δ fp NDε                                        (6.6) 
 
The ductility normalized plastic strain range ( Dp 2/εΔ ) is plotted with number of 
cycles to failure on the log-log scale, as shown in Figure 6.21 for Sn-Ag-Cu based 
composite solders. All the results lie on a common straight line. The equation can be 
given as follows: 
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Figure 6.21 Ductility normalized plastic strain range, as a function of fatigue life for Sn-
Ag-Cu based composite solders. 
Chapter 6: Fatigue properties of novel nano composite solders  
 
6.3.5 Fatigue damage mechanisms 
 
Figure 6.22 shows fatigue crack initiation and propagation for Sn-Pb, Sn-Ag-Cu 
based composite solders tested at 298K. 
In Sn–Pb at 298 K, the fatigue crack initiated and propagated along the boundary 
between Pb and Sn phases, regardless of the eutectic colony. The crack propagation at the 
phase boundary may indicate phase boundary sliding. The grain boundary sliding during 
cyclic deformation often induces cavities, which accelerate fatigue damage. However, in 
the nano particle reinforced composite solders, cracks tend to be highly deflected, with 
some evidence of the nano-intermetallic particles in the solder matrix bridging the fatigue 
crack. Pores inside the tin-rich regions which can also act as nucleation sites for 
secondary cracks. It has been demonstrated that these cracks originating from pores 
ahead of the crack tip often join the main crack [275]. Cracks propagating through the 
nano-composite solder matrix show large increase in the fatigue resistance due to the 
crack deflection. Crack arrest often takes place, and further causes crack deflection and 
crack branching.  
In Sn–Ag–Cu, the fatigue crack, starting from the slip bands (intrusion and 
extrusion), propagates within the grain interior at 298 K. Figure 6.22 (c) shows the crack 
initiation and propagation along a high- angle grain boundary for Sn-Ag-Cu solder tested 
at 29 8K. The fractography indicates predomintatly transgranular fracture as shown in 
Figures 6.22 (c) and 6.22 (d). At lower strain amplitudes, the formation of intrusions and 
extrusions has been observed with the visibility of fatigue crack initiation along the slip 
band. However, at higher strain amplitudes the fatigue  
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Figure 6.22 Low magnification optical micrographs of the surface of the failed composite 
solder specimens tested at 2% ΔєT:  (a) Sn-Pb, (b) Sn-Pb+1Ni, (c) Sn-Ag-Cu, (d) Sn-Ag-
Cu+2Ni,  (e) Sn-Ag-Cu+1Mo, (f) Sn-Ag-Cu+2Mo. 
 
 
   50µm    50µm 
(c) (d)
   50µm    50µm 
(e) (f)
   50µm    50µm 
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crack tends to propagate along the high angle grain boundary rather than within the grain 
interior. Thus, increasing the strain amplitude may promote crack propagation due to 
intergranular failure, resulting in a reduction in the fatigue life. 
The microstructure of Sn-3.8Ag-0.7Cu solder consists of eutectic structure of Sn 
with plate-like Ag3Sn, and uniformely dispersed Cu6Sn5 intermetallics. Ag3Sn 
intermetallics have a higher elastic modulus compared to the Sn matrix. In the cyclic 
dependent regime, where the transgranular crack path is dominant, the Ag3Sn plate 
behaves as a strengthening phase that enhances the strength of the solder and then 
increases the fatigue crack growth resistance. The Ag3Sn plates perpendicular to the 
crack direction will significantly contribute to the strengthening, while those parallel to 
the crack direction may have less effect. Hence Sn-Ag-Cu solder exhibited significantly 
higher fatigue life than that of 63Sn–37Pb solder. 
In the case of nano-nickel reinforced Sn-Ag-Cu composite solders, during crack 
growth regime, a crack dominantly propagates along grain boundaries, as shown in 
Figure 6.22 (d). Only Ag3Sn intermetallic plates along the interface of the beta 
phase/dendrite can contribute to the crack growth in the time dependent crack growth 
regime. Grain boundary sliding of Sn grains as well as interface sliding between Sn 
grains and Ag3Sn plates along the grain boundary can be effectively prevented by nano-
Ni3Sn4 intermetallics, resulting in intergranular crack growth. It is also found that the 
ratio of the interface fracture area between the Ni3Sn4 intermetallics and the Sn grain to 
the intergranular fracture area of Sn grains was not large.  
Because of the high homologous temperatures of solders at operating temperature, 
microstructural change is expected to occur during fatigue loading. Recrystallization has 
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been reported in 95Pb–5Sn and 63Sn–37Pb solders during fatigue and creep tests [276-
277]. It is supposed that a large plastic deformation near the crack tip provides a driving 
force and high possibility for the formation of small grains. It has been indicated for 
creep tests at room temperature that the formation of small grains in Sn was due to 
polygonization by rearrangement or annihilation of dislocations, because of the high 
value of stacking-fault energy in tin [278-279]. Therefore, it is speculated that 
polygonization is the primary mechanism for the formation of small grains in Sn matrix 
during the current tests. 
Fracture behavior and fatigue life are closely related to the underlying 
microstructure of materials. A characteristic microstructural feature of Sn-Ag-Cu solder 
reinforced with 2 wt.% nano-molybdenum is the presence of the second phase particles 
that have a bimodal size distribution. These particles may influence the cyclic stress 
response discussed in the previous section and the failure mechanism of the Sn-Ag-Cu 
composite solder during fatigue cycling. This is because although the crack initiates at the 
grain boundary, it grows transgranularly immediately after advancement by about one 
grain distance, as shown in Figure 6.22 (f) (the images were obtained from the section 
perpendicular to the loading axis and the direction of crack growth). Nevertheless, it is 
almost certain that the second phase particles were responsible for the inferior fatigue 
resistance of Sn-Ag-Cu+2Mo composite solders. The fine particles induced the strong 
secondary cyclic hardening at ambient temperature. Under the condition of constant 
strain amplitude, this would result in a higher stress concentration at the tip of the fatigue 
cracks and greater crack propagation. 
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6.3.6 Fracture surface examination 
In order to characterize the effect of nano-particle additives on the low cycle fatigue 
mechanism, the surfaces of the specimens tested at strain amplitude of (a) 0.5% ΔєT for 
Sn-Pb, (b) 1% ΔєT for the Sn-Pb+1Cu, (c) 1.5% ΔєT for the Sn-Pb+1Ni, (d) 2% ΔєT for 
the Sn-Pb+1Mo composite solders at 25°C were polished and observed by using a SEM, 




Figure 6.23 SEM topographies of fatigue tested samples under strain amplitude of (a) 
0.5% ΔєT for Sn-Pb, (b) 1% ΔєT for the Sn-Pb+1Cu, (c) 1.5% ΔєT for the Sn-Pb+1Ni, (d) 
2% ΔєT for the Sn-Pb+1Mo composite solder at 25°C. 
 
Cavities were observed along the colony boundary, especially on the interphases 
between Sn-rich (dark) and Pb-rich (light) phases for both low and high strain 
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quasi-cleavage fracture. All fracture surfaces tested at different strain amplitudes showed 
transgranular fracture. However, intergranular fractures were more dominant at lower 
strain amplitudes as the contribution from grain boundary sliding increased. There are 
two main theoretical explanations for cavitation on grain boundary at elevated 
temperature. One is an extension of the low-temperature mechanism for the nucleation of 
voids at grain boundary ledges (the intersection between slip band and grain boundary), 
or second phase particles [280]. This nucleation is controlled by the build-up of internal 
stresses (local dislocation concentration) around grain boundary ledges or particles as a 
result of incomplete plastic relaxation. This grain boundary cavitation appears more 
readily under the condition of grain boundary sliding. The second mechanism invokes the 
clustering of vacancies to form (by diffusion) a void cluster [281]. The model describing 
this mechanism predicts that (a) cavities are most probably formed at second-phase 
particles on the grain boundary; (b) they can be formed even when the normal stress at 
the particle–matrix interface is smaller than the theoretical fracture strength of the 
interface; (c) the probability of cavity nucleation is the highest at the perimeter of contact 
between the particle and the grain boundary; and (d) in addition to a threshold stress, an 
incubation time must elapse before enough vacancies can cluster together (by diffusion) 
to form a void of critical size. In the present study, the first viewpoint dealing with the 
extension of the low temperature mechanism for the nucleation of void seems to be 
operative. At high strain rates, stress concentration at the interphase boundaries between 
Sn-rich and Pb-rich phases due to blockage of slip would lead to the formation of 
cavities, while at low strain rates, grain boundary sliding also contributes to the formation 
of cavities. 
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SEM fracture surfaces of fatigue-tested specimens: Sn-Pb+2Mo tested at (a) 0.5% 
ΔєT, (b) 1.5% ΔєT; Sn-Pb+2Ni specimens tested at the strain ranges of (c) 0.5% ΔєT,  (d) 
1.5% ΔєT are shown in Figure 6.24. As shown in Figures 6.24 (a) and (b), Sn-Pb+2 Mo 
solder exhibited quasi-cleavage fracture at lower strain ranges, however, high strain range 
lead to more cleavage fractures. Figures 6.24 (c) exhibited quasi-cleavage fracture at 
lower strain range of 0.5%,  at higher strain ranges of 1.5% Sn-Pb+2Ni specimens 





Figure 6.24 SEM fracture surface of fatigue tested specimens: Sn-Pb+2Mo tested at (a) 
0.5% ΔєT, (b) 1.5% ΔєT; Sn-Pb+2Ni specimens tested at the strain ranges of (c) 0.5% ΔєT,  
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Figure 6.25 shows fractographs of the Sn-Ag-Cu based composite solder specimens after 
low cycle fatigue tests. It is found that the transgranular failure mode is dominant for the 
Sn-3.8Ag-0.7Cu solder specimens at 1% total strain amplitude, as shown in Figure 6.25 
(a). Transgranular fracture mode was observed for the Sn-Ag-Cu+1Ni composite solder 
specimen tested at strain amplitude of 1% total strain amplitude, as shown in Figure 6.25 
(b).  Transgranular fracture mode observed in Sn-3.8Ag-0.7Cu solder is attributed to 
grain-boundary sliding would lead to grain-boundary cracking. These fractographic 
observations are in accord with the fatigue crack-growth behavior discussed in the section 
6.3.2. Figure 6.25 (c) shows cross-sectional views of the crack wake for Sn-Ag-Cu+2Ni 
lead-free composite solders. Cracks propagated in a transgranular manner by cutting 
through the proeutectic Sn-rich phase. These observations confirm the fractographic 
features reported previously. Transgranular crack growth was observed in nano-
molybdenum reinforced composite solders as shown in Figure 6.25 (d). Figure 6.25 (e) 
shows transgranular and also seen some microcracks along the grain boundaries. 
As discussed previously, fatigue cracks may initiate either inside or along the 
phase boundary of the dendrite phase. They can propagate transgranularly through the 
stronger eutectic mixture. In the equiaxed microstructure, the initial microcracks are 
concentrated on the grain boundaries but the subsequent crack growth may follow a 
mixture of transgranular and intergranular paths. If the fatigue crack growth is 
predominantly time-dependent, the crack prefers an intergranular path. In contrast, more 
transgranular crack growth is observed for cycle-dependent fatigue crack growth in Sn-
rich alloys. 
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Figure 6.25 SEM images of low cycle fracture surface of (a) Sn-Ag-Cu, (b) Sn-Ag-
Cu+1Ni, (c) Sn-Ag-Cu+2Ni, (d) Sn-Ag-Cu+1Mo, (e) Sn-Ag-Cu+2Mo tested at a total 
strain amplitude of 1% ΔєT. 
 
Boundary steps due to differences in strength between beta-Sn dendrite and eutectic 
phase can cause stress concentration and would be the reason for initiation of cracks in 
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these sites. In addition, at a high homologous temperature, the phase boundaries become 
weaker and boundary sliding can also occur providing a path for the microcracks to grow. 
It was found that crack growth mainly involved both intergranular (along 
boundaries between beta-Sn dendrites and eutectic phases) and transgranular (through 
eutectic phases) modes, as shown in Figure 6.25. In this way, propagating microcracks 
joined to form larger cracks after a certain number of cycles. Presumably, these larger 
surface cracks would continuously link with each other and propagate into the specimen 
until final failure.  
6.4 Summary 
 
Isothermal low cycle fatigue behavior and mechanisms of crack initiation and 
propagation of Sn-Pb and Sn-Ag-Cu based novel nanocomposite solders have been 
studied at room temperature at different strain ranges. The main conclusions obtained are 
summarized as follows. 
For Sn-Pb and Sn-Ag-Cu solders, the pattern of variation of stress amplitude with 
cycling showed a rapid decrease followed by a faster rate of softening before instability 
set in. The surface cracking, micro-crack link-ups, and crack propagation due to cycling 
contributed to the reduction in stress amplitude. On the other hand, nanocomposite 
solders exhibited slower decrease in strength followed by slower rate of softening at high 
strain ranges.  
The addition of nano-copper significantly improved the fatigue life of Sn-Pb 
nanocomposite solders. Nano-molybdenum improved the fatigue life of Sn-Pb and Sn-
Ag-Cu based nanocomposite solders. However, nano-molybdenum addition beyond 1 
wt.% significantly reduced the fatigue life of composite solders. Nano-nickel addition 
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drastically improved the fatigue life of Sn-Pb and Sn-Ag-Cu solders. It was found that the 
addition of 2 wt.% nano-nickel to Sn-Pb solder has drastically improved the fatigue life 
by 123.8%. The low cycle fatigue behavior of all solders followed the Coffin–Manson 
equation. The fatigue life of the solders studied is dominated by the fracture ductility 
coefficient and was found to be very well described by the ductility modified Coffin–
Manson’s relationship. Values of the fatigue exponent and ductility coefficient in the 
Coffin–Manson model; the exponent m and ductility coefficient D of the SWT model; 
and exponent θ and coefficient, δ, in the Morrow model were determined for all the 
nanocomposite solders investigated in this study. 
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Solder is widely used to connect chips to their packaging substrates in surface 
mount technology as well as in flip chip technology [282-284]. Sn–Pb solders have long 
been used due to the advantages of low melting properties, and excellent wetting 
properties. However, from an environmental point of view, lead-containing solders are 
harmful. In response to the concern over reducing the Pb used in electronic assemblies, 
much work is ongoing in the last few years to find the acceptable Pb-free solder for 
various electronic soldering applications [285-290].  
Electroless Ni has been widely used as a diffusion barrier layer on the Cu bond 
pad for flip-chip and ball grid array (BGA) solder bumps [291-292]. Characteristics of 
the electroless Ni deposit such as low stress, excellent corrosion resistance, uniform 
thickness and selective deposition make the electroless Ni plating more suitable to be a 
diffusion barrier than pure electrodeposited Ni [293]. Generally, electroless Ni plating 
layer contains about 15 at.% P since hypophosphite used as a reducing agent is 
incorporated into the layer. It has been known that the electroless Ni–P layer is of 
crystalline structure at lower P contents (<9.5 at.%), while at higher P contents (>9.5 
at.%), the layer is amorphous [294]. During soldering, the Ni in the electroless Ni layer 
reacts with solder to form Ni–Sn IMC (inter-metallic compound). Because Ni is 
consumed to form Ni–Sn IMC, the P atoms are accumulated at the interface between the 
IMC layer and the electroless Ni layer. Also, a Ni3P layer forms in the solder/electroless 
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Ni joint. In other words, the interfacial reaction between the solder and the Ni–P layer 
might enhance the crystallization of electroless Ni–P layer [283, 289].  
One of the major concerns of BGA technology is  solder joint reliability. During 
the soldering process, the formation of IMC between solder alloy and the substrate is 
inevitable. High ambient temperatures on the solder joint result in the growth of 
unwanted IMCs, which weaken the solder joint (reduces the strength) because of their 
brittleness and lower strength [295-296]. Therefore, it is necessary to understand and 
control the factors that govern the kinetics of interfacial reaction. 
The study described in this chapter is on the interfacial reaction between the 
newly developed novel nanocomposite solders and electroless Ni-P during solid-state 
aging. The growth rate constants for these layers were measured as a function of 
temperature.  
 
7.2 Experimental procedures 
 
The solder pastes investigated in this work are listed in Table 7.1; the solder paste 
preparation description is given in Appendix A. A schematic showing various steps 
involved in the sample preparation of the diffusion couple used in the present 
investigation is shown in Figure 7.1.The substrate used in this study was an electroless 
Ni–P/Cu substrate with a Ni–P layer of 5–7 μm thickness. The plating was carried out in 
a commercial acidic sodium hypophosphite bath at 88±2 °C with pH values of 4.3–4.8. 
The electroless plated Ni layer contained 15 at. % P and has amorphous structure. 
Substrates were ultrasonically cleaned in ethanol before soldering. Rosin mildly activated 
(RMA) flux was used in this test. Solder paste was printed on the substrate and subjected 
to reflow. The reflow soldering was done in a BTU pyramax reflow oven, which is an 
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IR/convection reflow oven with nine different temperature zones. A temperature profile 
with a peak  
Table 7.1 Composite solder paste materials investigated in the present study. 
Material Code Composition of material 
SP 63Sn-37Pb solder eutectic 
SP+0.3Cu Sn-Pb+ 0.3 wt.% nano-copper 
SP+0.3Ni Sn-Pb+ 0.3 wt.% nano-nickel 
SP+0.3Mo Sn-Pb+ 0.3 wt.% nano-molybdenum 
SAC Sn-3.8Ag-0.7Cu 
SAC+0.3Ni Sn-Ag-Cu+0.3 wt.% nano-nickel 












Time (s)30 150 210 270
0.8mm






Figure 7.1 Schematic showing the different steps in the sample preparation of the 
Diffusion couple. 
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temperature of 250 °C and a total duration time of 5 minutes was used for both solder 
pastes. The time kept at the melting temperature was approximately 1 minute. After the 
reflow soldering, high temperature storage (HTS) aging treatment was performed at 
temperatures between 125 ºC to 175 ºC with a temperature stability of ±2 °C for various 
times, ranging from 100, 250, 500, 750 to 1000 h, to study the interfacial reactions at the 
solid/solid interface. Upon completion of the aging step, the samples were mounted in 
epoxy and metallographically polished for microstructural characterization. The 
morphology of the IMCs was observed by means of scanning electron microscopy 
(SEM). The chemical composition of the IMCs was measured using energy dispersive 
spectroscopy (EDS) and concentration profile analysis across the interface was performed 
by line scanning. An operation voltage of 20 kV was used in the SEM examination. 
 
7.3 Results and Discussion 
Reflowed and annealed samples were prepared for observations on the cross- 
sectional structure view of the IMC structure under SEM. The common metallography 
practice was followed to reveal the cross-sectional view. An image analysis software was 
used to measure the area and length of the IMC in cross sectional SEM images. The 
average thickness of IMC layer was calculated using measured area divided by length of  
the area. Each sample was measured at more than 10 locations. 
Figure 7.2 displays a series of SEM micrographs showing the growth of 
intermetallic layers at the interface between Sn-Pb based composite solders and 
immersion Au/electoless-Ni-P/Cu pads, during isothermal aging at 150 ºC for 100, 250, 
500, 750 and 1000 hours duration. While reflow soldering, the Au layer on the pad is 
dissolved into the bulk solder, and hence only Ni-Sn intemetallics formed between the 
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Sn-Pb based composite solders and the electroless Ni-P deposits. Using EDX, the Ni-Sn 
intermetallics were analyzed and it was found that they were composed of 43.4 at. % Ni 
and 56.6 at. % Sn, indicating Ni3Sn4 intermetallic compound. EDX spectrum of Ni3Sn4 is 
shown in Figure 7.3. 
 
                   SP              SP+0.3Cu                SP+0.3Ni             SP+0.3Mo 
As 
reflowed 
    
 
250 hrs 
    
 
500 hrs 
    
 
750 hrs 
    
 
1000 hrs 
    
Figure 7.2 FE-SEM images of cross sections of SP composite solder joints after heat 
exposure treatment at 150°C upto 1000 hrs. 
 
According to the Ni-Sn phase diagram [297], there are three stable intermetallic 
compounds at room temperature: Ni3Sn4, Ni3Sn2, and Ni3Sn. However, most early studies 
reported that only Ni3Sn4 intermetallic was present in the Sn-based solder/electroless Ni 
interaction [298-300]. Also, a P-rich Nickel layer formed at the interface between Ni3Sn4 
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and Ni-P deposit layer because of the phosphorous accumulation [301]. This P-rich Ni 
layer in this work contained 25 at. % phosphorous as evidenced by EDX analysis. The 
thickness of Ni3Sn4 increases with increasing aging time. From Figure 7.2, it can be 
observed that the intermetallic layer thickness and the size of the scallops increase with 
increasing aging time. After significant aging, the interface between the intermetallic 
compound and bulk solder becomes smoother, which is expected from the 
thermodynamic driving force, favoring the minimization of surface area. On the other 
hand, the interface between the Ni3Sn4 and solder displays a peaky shape before 













The thickness of the Ni3Sn4 IMC layer decreased with increasing nano-particle 
addition in the order of Pure Sn-Pb>Sn-Pb+0.3Ni> Sn-Pb+0.3Cu> Sn-Pb+0.3Mo.  
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Thickness of a reaction layer in the diffusion couples can be generally expressed 
by the simple parabolic equation: 
nktd =                                              (7.1) 
where d is the thickness of intermetallic layer, k is the growth rate constant, n is the time 
exponent and t is the reaction time. 
The thickness of intermetallic compound layer as a function of the square root of 
time for Sn-Pb  and its composite solders on ENIG substrate at different temperatures for 
different durations is shown in Figures 7.4 to 7.7. The atomic diffusion of Ni and Sn 
through the intermetallic compound is the main controlling process for the intermetallic 
compound growth during annealing. The average thickness of the interfacial IMC layer 
increased linearly with the square root of aging time and this growth was faster at higher 
aging temperatures. 
 In general, the solid-state growth for intermetallic compound can follow linear or 
parabolic growth kinetics. Linear growth implies that growth rate is limited by the 
reaction rate at the growth site. In contrast, parabolic growth implies that growth is 
controlled by volume diffusion. If the growth of the intermetallic compound layer after 
annealing is controlled by volume diffusion, it should follow that n takes the value of 0.5 
[302]. From Figure 7.4, it can be seen that the growth of intermetallic compound 
followed a parabolic law, implying that the growth of the intermetallic layer during the 
annealing was diffusion controlled. The growth rate constant was calculated from a linear  
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Figure 7.4 Plots of intermetallic thickness formed between Sn-Pb solder and ENIG 
substrate as a function of the square root of time t, at 398, 423, and 448K.  
 































Figure 7.5 Plots of intermetallic thickness formed between Sn-Pb+0.3Cu solder and 
ENIG substrate as a function of the square root of time t, at 398, 423, and 448K.  
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Figure 7.6 Plots of intermetallic thickness formed between Sn-Pb+0.3Ni solder and ENIG 
substrate as a function of the square root of time t, at 398, 423, and 448K.  
 

































Figure 7.7 Plots of intermetallic thickness formed between Sn-Pb+0.3Mo solder and 
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regression analysis of d versus , where slope = k. The straight lines represent mean 




Table 7.2 IMC growth constants (m2/s) and activation energies (kJ/mol) for intermetallic 
compound layers formed at interface between Sn-Pb based composite solders and 
Immersion Au/Ni-P/Cu pad. 
 
Solder Substrate Temperature 
(K) 
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Table 7.2 lists the growth rate constant calculated for total intermetallic 
compound, Ni3Sn4 at different annealing temperatures. Most of the linear correlation 
coefficient values (R2) for these plots were greater than 0.97. This confirms that the 
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growth of the intermetallic compound layers was diffusion controlled over the 
temperature range studied. 
A simple Arrhenius relationship was used to determine the activation energies for 






22                                             (7.2) 
where 2K  is the growth constant,  is the frequency factor, Q is the activation energy, 
R is the gas constant (8.314 J/mol K) and T is the aging temperature. The activation 




Figures 7.8 – 7.11 show the Arrhenius plots for the growth of Ni3Sn4 intermetallic 
compound layers formed at the interface between the ENIG substrate and Sn-Pb, Sn-
Pb+0.3Cu, Sn-Pb+0.3Ni and Sn-Pb+0.3Mo composite solders, respectively. From the 
slopes of the plots, the apparent activation energies calculated for the growth of the 
Ni3Sn4 intermetallic compound layer are found to be 74.9 kJ/mol, 92.78 kJ/mol, 87.21 
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Q = 74.9 kJ/mol
 
Figure 7.8 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Pb solder and ENIG pad. 
 

















Q = 92.78 kJ/mol
 
Figure 7.9 Arrhenius plot for the formation of intermetallic compound layers formed at 
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Q = 87.21 kJ/mol
 
Figure 7.10 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Pb+0.3Ni solder and ENIG pad. 
 




















Q = 106.75 kJ/mol
 
 
Figure 7.11 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Pb+0.3Mo solder and ENIG pad. 
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To evaluate the effect of nano-particle addition on the interfacial reactions 
between the Sn–Ag-Cu solder and Electroless Ni Immersion Gold (ENIG) plating layers, 
isothermal aging treatment was performed for different durations. Figure 7.12 shows the 
cross-sectional SEM images of the interfaces between the Sn–Ag-Cu based composite 
solders and the ENIG substrate aged at 150 °C for various times. During reflow, the 
topmost Au layer was completely dissolved into the molten solder, leaving the Ni–P layer 
exposed to the molten solder. At the same time, the Sn, Cu atoms in the solder reacted 
with the Ni atoms at the molten solder/Ni–P interface, to form a Cu-Ni-Sn reaction layer 
between the Sn–Ag-Cu solder and the electroless nickel immersion gold layers. The 
thickness of these interfacial IMC layers increased with increasing aging time, as shown 
in Figure 7.12. The needle-like morphology of the (Cu,Ni)6Sn5 IMC gradually evolved 
into a planar type after solid-state aging.  
There are three different interemtallic phases formed, when Sn-Ag-Cu, Sn-Ag-
Cu+0.3Ni, Sn-Ag-Cu+0.3Mo composite solders reflowed on ENIG substrate. It can be 
identified from the EDX analysis that (Cu,Ni)6Sn5 was the intermetallic formed at the 
interface between Sn-Ag-Cu and ENIG substrate. Similarly, (Cu,Ni)3Sn4 was the 
intermetallic phase formed when Sn-Ag-Cu+0.3Ni reacted with ENIG substrate. It can be 
found that (Cu,Ni)6Sn5 intermetallic phase was formed during reflow of Sn-Ag-
Cu+0.3Mo composite solder on ENIG substrate. After being subjected to isothermal 
aging at 150 ºC for 1000 hours, (Cu,Ni)6Sn5 has transformed to (Cu,Ni,Mo)6Sn5. The 
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Figure 7.12 FE-SEM images of cross sections of SAC composite solder joints after heat 
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Figure 7.13 EDX spectrum of (Cu,Ni)6Sn5 intermetallic compound formed between Sn-












Figure 7.14 EDX spectrum of (Cu,Ni)3Sn4 intermetallic compound formed between Sn-




Chapter 7: Effect of nano particle addition on the growth kinetics of intermetallic layers between 






Figure 7.15 EDX spectrum of (Cu,Ni,Mo)6Sn5 intermetallic layer formed between Sn-
Ag-Cu+0.3Mo composite solder and ENIG substrate. 
 
 
An interesting contrast between the four solder joint types was observed from 
close examination of the cross-sectional images. The thickness of the IMC layer 
decreased with increasing nano-particle addition in the order of Pure Sn-Ag-Cu>Sn-Ag-
Cu+0.3Ni> Sn-Ag-Cu+0.3Mo.  
Figure 7.16 shows the thickness of the (Cu,Ni)6Sn5 layer as a function of the 
square root of aging times for different temperatures. The mean thickness of the 
interfacial IMC layer was found to increase linearly with the square root of aging time 
and the growth was faster for higher aging temperatures. The thickness of (Cu,Ni)6Sn5 
IMC layer was 3 μm after aging at 150 °C for 1000 hours. However, it can be found from 
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Figure 7.17 that the thickness of the (Cu,Ni)3Sn4 IMC layer reached about 2 μm after 
1000 hours of aging at 150 °C. This implies that the nano-particle additive can effectively 
act as a very good diffusion barrier for the eutectic Sn–Ag-Cu solder. This slow kinetics 
is desirable for the long-term reliability of the solder joint by limiting the formation of 
potentially brittle interfacial intermetallics and limiting consumption of the substrate by 
the solder. 

































Figure 7.16 Plots of intermetallic thickness formed between Sn-Ag-Cu solder and ENIG 
substrate as a function of the square root of time t, at 398, 423, and 448K.  
 
It can be seen from Figures 7.16-7.18 that the growth of the IMCs followed a 
parabolic law, implying that the growth of the IMC layer was diffusion-controlled. Also, 
many authors reported that the growth of IMC in the Sn base solder/Cu (or Ni) interface 
followed the diffusion--controlled mechanism [304-305]. The results are quite consistent 
with the results reported by them. 
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Figure 7.17 Plots of intermetallic thickness formed between Sn-Ag-Cu+0.3Ni solder and 
ENIG substrate as a function of the square root of time t, at 398, 423, and 448K.  































Figure 7.18 Plots of intermetallic thickness formed between Sn-Ag-Cu+0.3Mo solder and 
ENIG substrate as a function of the square root of time t, at 398, 423, and 448K.  
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The growth rate constant was calculated from a linear regression analysis of d 
versus , where the slope = k. Table 7.3 lists the growth rate constants calculated for 
Cu-Ni-Sn IMC layers at various aging temperatures. As mentioned earlier, the growth 
rate constants increased with increasing aging temperature. 
5.0t
 
Table 7.3 IMC growth constants (m2/s) and activation energies (kJ/mol) for intermetallic 
compound layers formed at interface between Sn-Ag-Cu based composite solders and 
Immersion Au/Ni-P/Cu pad. 
 
Solder Substrate Temperature 
(K) 


































































An Arrhenius relationship as shown in equation (7.2) was used to determine the 
activation energy for Cu-Ni-Sn IMC layer growth. 
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Q = 56.49 kJ/mol
 
Figure 7.19 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Ag-Cu solder and Immersion Au/Ni-P/Cu pad. 
 
Figure 7.19 shows the Arrhenius plot for the growth of (Cu,Ni)6Sn5 intermetallic 
compound layers formed at the interface between Sn-Ag-Cu solder and ENIG substrate 
and the apparent activation energy calculated for the growth of the (Cu,Ni)6Sn5  
intermetallic compound layer was 56.49 kJ/mol. Arrhenius plot for the growth of 
(Cu,Ni)3Sn4 intermetallic compound layers formed at the interface between Sn-Ag-
Cu+0.3Ni composite solder and ENIG substrate is shown in Figure 7.20 and the 
activation energy calculated for the growth of (Cu,Ni)3Sn4 intermetallic compound layer 
was 72.96 kJ/mol. Similarly, Figure 7.21 shows the  Arrhenius plot for the growth of 
(Cu,Ni,Mo)6Sn5  intermetallic compound layers formed at the interface between Sn-Ag-
Cu+0.3Mo solder and ENIG substrate, the apparent activation energy calculated for the  
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Figure 7.20 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Ag-Cu+0.3Ni solder and Immersion Au/Ni-P/Cu pad. 
 





















Q = 99.28 kJ/mol
 
 
Figure 7.21 Arrhenius plot for the formation of intermetallic compound layers formed at 
interface between Sn-Ag-Cu+0.3Mo solder and Immersion Au/Ni-P/Cu pad. 
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intermetallic growth was 99.28 kJ/mol. Although, there is a difference of the solder 
composition, the results are in good agreement with the results of previous researchers 
[306-308]. The effects of nano-particle addition on the intermetallic reactions are 
significant in all the systems investigated. Additional elements can have three major 
influences on the reactions between the base metals and Sn: Firstly, they can alter the 
reaction/growth rate; secondly, additives can change the physical properties of the phases 
formed; and thirdly they can form additional reaction products or displace the binary 
equilibrium phases by forming other reaction products instead. The reaction products that 
form first in the solid/liquid and solid/solid reaction couples as well as the effects of 
specific alloying elements on the reaction products in the Ni–Sn, and Cu-Ni–Sn systems 
are briefly summarized in this chapter. 
Thermodynamics provides the basis for analyzing reactions between different 
materials. However, one cannot predict the time frame of the reactions on the basis of the 
phase diagrams. Therefore, diffusion kinetics must be brought into the analysis. In the 
case of joining of dissimilar materials, the equilibrium is attained only at the interfaces 
and, even though the chemical potential (or activity) of a component has the same value 
at the interface, there are activity gradients in the adjoining phases. These gradients 
together with the diffusivities determine the diffusion of components in various phases of 
an interconnection region. Then by making use of the fundamental condition that no atom 
can diffuse intrinsically against its own activity gradient as well as of the mass balance 
requirement it is possible to rule out impossible reaction products [309]. Finally, it needs 
to be emphasized that the combined thermodynamic–kinetic and microstructural 
approach can naturally be utilized. 
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The change in the reaction layer thickness was suggested to be related to changes 
in the intermetallic composition. It can be proposed that the addition of nano-particle 
might have important effects on the concentration of structural vacancies present in the 
intermetallic [310]. Since in highly ordered alloys or compounds random motion of 
vacancy is not possible, as it would disrupt the equilibrium ordered arrangement of atoms 
on lattice sites, all changes in atomic environment are expected to influence the diffusion 
of elements in the intermediate compound in question. Belova and Murch [311-312] have 
developed several theoretical models for diffusion in stoichiometric and non-
stoichiometric intermetallic compounds that predict strong composition dependence of 
diffusion. This explanation clearly accounts for the decrease in the growth rate after the 
addition of nano-particles to the solder i.e. where and why do the structural vacancies 
disappear after certain concentration levels. 
A recent investigation carried out by Takemoto and Yamamoto [313] indicated 
that there are elements that can effectively suppress the formation of Cu3Sn and Cu6Sn5 
during isothermal annealing at temperatures between 110 °C and 150 °C. They added 
various elements to Cu at concentrations of about 1 at. %. The addition of Mg, Cr, Mn 
and Sn to Cu, suppressed the thickness of the intermetallic compounds. Ni and Ti could 
also be included to this group.  
All other elements used, e.g. Al, Si, Fe, Co, P, Pt and Pd, enhanced the growth of 
the reaction layer. Especially, P and Pt induced large growth in the thickness. It should be 
emphasized that in this investigation the additions were quite low (1 at.%). There exists 
one recent report, which explains that the addition of La (0.05 wt.%) into Sn-Pb solder 
can effectively suppress the formation of Cu6Sn5 during solid-state annealing at 125 °C 
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for 120 h [314]. This paper provides experimental verification of the effect and further 
includes an attempt to provide a thermodynamic explanation for the observed 






The effect of isothermal aging (398, 423, and 448 K) on the intermetallic growth 
morphology of Sn-Pb and Sn-Ag-Cu based composite solders on ENIG substrate was 
studied. There was a linear relationship between the growth of the intermetallic layer 
thickness and the square root of the aging time. The good linear correlation of the results 
indicates that the formation of intermetallic compound is a diffusion-controlled process. 
The growth rates for intermetallic layers increased with time and temperature.  
The activation energy for Ni3Sn4 layer formation in the case of Sn-Pb solder on 
ENIG substrate was found to be 74.9 kJ/mol, whereas the activation energy for Ni3Sn4 
formation in the case of Sn-Pb+0.3Mo was found to be 106.75 kJ/mol. This implies that 
nano-particle addition can effectively act as the best diffusion barriers, thereby improving 
the reliability of solder joints formed from the nanocomposite solders. 
Three kinds of intermetallic compounds, (Cu,Ni)6Sn5, (Cu,Ni)3Sn4 and 
(Cu,Ni,Mo)6Sn5 were found to be formed between the Sn-Ag-Cu based composite solders 
and ENIG substrate. The apparent activation energy for the growth of the (Cu,Ni)6Sn5,  
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(Cu,Ni)3Sn4 and (Cu,Ni,Mo)6Sn5 intermetallics were measured to be 56.49, 72.96 and 
99.28 kJ/mol, respectively. It was found that nano-particle addition can effectively 
suppress the intermetallic grain growth and enhance the solder joint reliability. 
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Chapter 8 
Reliability Evaluation of Nano Composite Solder Bumps 
 
8.1 Introduction 
Figure 8.1 is a schematic illustration showing the key elements of the solder joints 
in an up-to-date electronic package. Here, the chip is connected to a ball grid array 
(BGA) substrate through an array of solder joints (flip-chip joints), referred as level 1 
interconnects. The BGA substrate is then connected to the printed circuit board (PCB) 
through another array of solder joints (BGA joints) that are one order of magnitude larger 
in diameter, referred as level 2 interconnects. This difference of one order of magnitude 
in the joint diameter actually translates into a difference of 1,000 times in the solder 
volume. 
The high performance, high pin-count chips used in equipment such as high-end 
servers and networking have been flip-chip-mounted with solder bumps covering the 
entire chip surface, to improve the signal and power/ground integrity. As chips have 
achieved higher levels of integration in recent years, pin-counts have risen as well, and 
the spacing between solder bumps has decreased to 250 μm today and projected to have < 
100 μm by 2018 [315]. For compact consumer products such as cellular phones, the new 
technology enables the use of high-performance, high pincount chips and the creation of 
extremely small and lightweight products with improved performance. To meet the fine 
pitch requirements with enhance functional performance, flip chip technology is being 
widely used in the industry. Flip chip wafer bumping using solder paste technology is 
currently in high volume production. The lead-free solder paste used for the bumps also 
meets environmental WEEE/ROHS directives [316].  
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In the present chapter, reliability performance of nano composite solder paste 






Figure 8.1 Schematic illustrating the different levels of interconnects used in electronic 
packaging technology. 
 
8.2 Test vehicle design and fabrication 
The future packaging demands on high I/O density and high mechanical and 
electrical reliability necessitate nano composite solder as a prominent material for 
interconnects. Evaluation of fine pitch bumping for depopulated test chip design was 
carried out. A typical die size of 20 X 20 mm with 448 bumps was designed and taped 
out for mask fabrication. A 6-inch soda-lime mask was fabricated to carry out the process 
on a contact aligner.  
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Figure 8.2 Flow chart showing the fabrication process of the test vehicle. 
A P-type silicon (100) wafer of 200mm diameter with resistivity of 10-50 ohms 
was used for the experimental evaluation. A thin blanket silicon oxide was deposited on 
the wafer. A 1 μm Al layer was deposited by PVD sputtering and it was patterned in such 
a way to mimic the I/O device pads. A thin layer of polyamide passivation, which covers 
the I/O pads with an over lap of 10 microns on each side, was spin coated and cured. 
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Ti/NiV/Cu/Au UBM was deposited by PVD sputtering. The blanket UBM layer was 
patterned by selective chemical etching and the UBM has a 10 micron overlap on the 
polyimide passivation on both sides. The process flow for fabrication of the test chip is 
shown in Figure 8.2. 
Table 8.1 Composite solder paste materials investigated in the present study. 
Material Code Composition of material 
SP 63Sn-37Pb solder eutectic 
SP+0.1Cu Sn-Pb+ 0.1 wt.% nano-copper 
SP+0.3Cu Sn-Pb+ 0.3 wt.% nano-copper 
SP+0.1Ni Sn-Pb+ 0.1 wt.% nano-nickel 
SP+0.3Ni Sn-Pb+ 0.3 wt.% nano-nickel 
SP+0.1Mo Sn-Pb+ 0.1 wt.% nano-molybdenum 
SP+0.3Mo Sn-Pb+ 0.3 wt.% nano-molybdenum 
SAC Sn-3.8Ag-0.7Cu 
SAC+0.1Ni Sn-Ag-Cu+0.1 wt.% nano-nickel 
SAC+0.3Ni Sn-Ag-Cu+0.3 wt.% nano-nickel 
SAC+0.1Mo Sn-Ag-Cu+0.1 wt.% nano-molybdenum 
SAC+0.3Mo Sn-Ag-Cu+0.3 wt.% nano-molybdenum 
 
The particle size distribution in the solder paste determines its fine pitch 
application. In Table 8.1, different types of composite solder pastes utilized in the present 
study are given. In this study Type 7 solder pastes were evaluated. Conventional Eutectic 
Sn/37Pb and Sn/Ag/Cu solder compositions were used to establish the fine pitch bumping 
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applications. All the solder paste compositions were based on no-clean flux and water 
soluble flux. The weight content of solder particles in the nano composite solder paste is 
89%. The Pb-free SnAgCu composition was 95.5 Sn-3.8 Ag-0.7 Cu and eutectic 
composition was 63 Sn-37 Pb. 
8.3 Solder paste printing 
The solder bumping on the test wafer was carried out by a dry film paste printing 
process. The wafer was laminated with a photoimageable dry film using a hot roll 
laminator. The process is optimized as not to leave wrinkles or air bubbles between the 
wafer and the film. A PET (polyethylene terephthalate) film covers the photosensitive 
surface as a protector layer. The laminated wafer is then exposed to i-line UV light using 
a bump mask. The PET protector layer is removed prior to the development of the dry 
film using a sodium bicarbonate solution. The pad opening is decided based on the 
volume of the solder required. Two different dry films were used; one with a thickness of 
50 microns and another with 100 microns thickness. After the exposure of the dry film, 
solder paste is squeezed into the hole using a polyurethane squeegee on a DEK printer. 
The excess paste is removed and wafer is reflowed in an eight zone IR convection 
furnace as per the reflow profile suggested by the Kester with a peak dwell time of 90 
seconds, and reflow temperature of 240 °C for eutectic composition and 260 °C for 
Sn/Ag/Cu composition. The dry film was then stripped by immersion in sodium 
hydroxide solution. After the removal of the dry film, the test wafer was reflowed again, 
i.e., the second reflow, under nitrogen atmosphere of less than 20 PPM oxygen level. To 
remove the flux residues, the reflowed test wafer was cleaned with deionized water at a 
temperature of about 50 °C. The detailed process flow is shown in  
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Figure 8.3. In the process of dry film paste printing, the dry film thickness and dry film 
pad opening play a critical role on the final volume of the solder bump and its height. 
Optical micrographs of the process flow of test vehicle fabrication at different 
stages, as screen printed and reflowed samples are shown in Figure 8.4. Visual inspection 
was carried out on the reflowed test vehicles using optical microscopy. Bump height and 
diameter were determined using the Z-axis height calibration feature of the microscope, 
and the best design set was chosen. From the best design set and material, further samples 
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8.4 Mechanical reliability test 
 
Bump shear tests were performed to evaluate the effect of the interfacial reactions 
on the mechanical reliability of the solder joints as a function of the aging time at 150 °C. 
Generally, the shear force has been used as a representing unit for the mechanical 
reliability of solder joints. However, it is not possible to make a direct comparison of 
mechanical strengths of solder joints represented by the shear force, due to the fact that in 
making solder joints there are many variables, such as solder chemistry, solder ball/bump 
size, solder geometry, and metallization scheme. Hence, the peak shear stress for 














½ centerline to substrate 
distance 
Module substrate 
Chapter 8: Reliability evaluation of nano composite solder bumps  
 
Figure 8.5 schematically illustrates a solder bump joint in an under bump 
metallization (UBM) and a shearing test setup. It should be noted that the diameter of the 
solder mask opening is larger than that of the bond pad. This kind of situation normally 
occurs in the field application of the printed circuit board (PCB) industry when the pad 
design is not defined by the solder mask aperture or the precision of solder mask 
processing is not very high. Since the shearing height, i.e. the distance from blade tip to 
solder mask surface is 150μ m, the solder joint should crack at the position lower than 
the shearing height. 
Figure 8.6 shows the variation of the peak shear stress with the variation of nano 
particle weight content. The as-reflowed Sn-Pb solder joint had the shear stress, around 
356 gf.  As shown in Figure 8.6, the shear strength of the nano-copper reinforced Sn-Pb 
composite solder bumps increased gradually with increasing weight fraction of nano 
particle addition. Sn-Pb composite solder doped with 0.05 wt.% of nano-copper exhibited 
the shear strength of 359 gf. The shear force value of Sn-Pb based composite solder 
bumps increased from about 372 gf for Sn-Pb+0.1Cu to about 395 gf for Sn-Pb 
composite solder reinforced with 0.3 wt.% of nano-copper. Similarly, 0.05 wt.% addition 
of nano-nickel content to Sn-Pb resulted in shear force of 371gf. The Sn-Pb composite 
solders reinforced with 0.1 wt.% nano-nickel exhibited the shear strength of 386 and 409 
gf for 0.3 wt.% reinforced composite solder alloys, respectively, which increased by 
about 11 and 15% comparing with those of un reinforced Sn-Pb solder joint. The shear 
strength of the composite solder joints at ambient temperature significantly increased 
with the increment of nano-molybdenum addition. The maximum shear strength was 
achieved from the alloy containing 0.3 weight % of nano-molybdenum and was 22% 
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higher than that of Sn-Pb, while the addition of 0.1 weight % of nano-molybdenum 
resulted in the shear strength of 408 gf. 
  




200μm bump, Ti/Ni/Cu/Au UBM


















Figure 8.6 Effect of nano-particle addition on the shear strength of composite solders. 
 
It can be observed from Figure 8.6, that the Sn-Ag-Cu solder joint exhibited shear 
strength of 348 gf, in the as-reflowed condition. It can be seen from the same figure that 
when the weight fraction of nano-nickel increased from 0.05 to 0.1%, the shear strength 
improved from 365 to 376 gf. When the weight fraction of nano nickel-content reaches to 
0.3%, the shear strength increased to 396gf, which is approximately 15% higher than un 
reinforced Sn-Ag-Cu solder joint. Similarly, Sn-Ag-Cu composite solder joint doped with 
0.05 wt.% of nano-molybdenum exhibited peak shear force of 376gf. Further addition of 
nano-molybdenum to the Sn-Ag-Cu solder increased the shear force to 421gf. 0.3 wt.% 
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nano-molybdenum reinforcement resulted in the highest shear strength of 445 gf, which 
is 28% higher than the pure Sn-Ag-Cu solder joint.  
 
To verify the variation of the shear strength, the cross-sectional and the top views 
of the fracture surfaces after shear test were examined by SEM (see Figures 8.7 and 8.8). 
Regardless of the composite solder composition, the fracture always occurred in the bulk 
solder. Figures 8.7 and 8.8 show the fracture surfaces of the Sn-Pb, Sn-Ag-Cu composite 
solder samples reinforced with varying additions of nano particle reinforcement.  
 
 























Figure 8.7 Fracture surfaces after bump shear test for the solder/substrate joint (a) Sn-Pb, 
(b) SP+0.3Cu, (c) SP+0.3Ni, (d) SP+0.3Mo. 
 
In all samples, the fracture surfaces showed a ductile failure. Generally, in the 
solder bump-shear test, a fracture occurs at the interface or in the solder region with the 
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lowest strength. Over the years many studies have been published concerning the 




Figure 8.8 Fracture surfaces after bump shear test for the solder/substrate joint (a) SAC, 
(b) SAC+0.1Ni, (c) SAC+0.3Ni, (d) SAC+0.1Mo, (e) SAC+0.3Mo. 
 
 
It was known that excessively thick reaction layers formed between the solder and the 
substrate could significantly degrade the mechanical properties of the solder joints [317-
318]. However, in this study, fracture analysis indicated that the shear strength could not 
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solders and the TI/Ni/Cu/Au UBM. The results of interfacial reaction and mechanical 
tests showed that the composite solder and TI/Ni/Cu/Au UBM joint has the desirable 
joint reliability. 
Bump-shear tests were also performed to evaluate the effect of the interfacial 
reactions on the mechanical reliability of the solder bumps as a function of aging 
conditions. Figure 8.9 shows the variation of the shear strength with aging temperature 
and time. The Sn-Pb interconnect samples were subjected to 150 °C for 1000 hrs with 
intermediate pullouts at 100, 250, 500, 750 and 1000 hrs. Shear tests were conducted for 
all the intermediate pullout samples. Fracture modes were assessed for the pullouts as 
well. Figure 8.9 shows the shear strength change as a function of the aging time and alloy 
type of the Sn-Pb based solder composite interconnects. It can be seen from Figure 8.9 
that the mechanical shear behaviors of the Sn-Pb solder bumps decreased considerably 
within the first 100 hours, then stabilized further and decreased with increasing aging 
duration throughout the rest of aging time period. 
It is meaningful to assess the impact of the interconnect microstructure 
development due to the variation of the nano copper content and elevated temperature 
exposure on the mechanical performance and reliability of the Sn-Pb solder bump 
interconnects. Mechanical shear tests were carried out to assess the impact of the nano 
copper content and heat treatment (the isothermal aging) for the Sn-Pb reinforced with 
nano-copper solder bumps. The shear results are plotted in Figure 8.9. It can be seen from 
this figure that all of the Sn-Pb composite solder alloy reinforced with nano copper 
behaved similarly with regard to shear strength: the shear strengths decreased for the first 
100 hrs and then remain stable throughout the rest of the aging process. A similar 
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phenomenon of shear force decrease in the first 100 hrs isothermal aging for the Sn-
3.5Ag-1.0Cu interconnects was witnessed by Zhang et al [319]. The decrease, according 
to Zhang et al. was attributed to the rapid coarsening of the fine Ag3Sn particles. This 
explanation might need to be discussed. In the present study, the 0.3 wt.% nano copper 
addition demonstrated a similar decrease in the shear strength in the first 100 hrs of 
aging, but there was no Ag in the solder. The initial decrease in the shear strength for the 
Sn-Pb+0.3Cu interconnects under study is probably due to the change in the bulk solder 
(mainly the tin). It is speculated that the solder joint was softened in the beginning of the 
annealing in which the solder joint was through the processes of recovery and 
recrystallization. Similar behavior, but to a lesser degree, was observed in the isothermal 
aging of eutectic Sn-Pb interconnects which had identical dimensions as those of the Sn-
Pb+0.3 Cu solder bump interconnects in this study.  




























Figure 8.9 Variation of the bump shear strength with aging time during HTS of Sn-Pb 
based composite solder bumps. 
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Shear tests were conducted for the Sn-Pb+0.3Mo solder alloy interconnects. The 
tests were performed for both time zero and after the aging, including the intermediate 
pullouts. The results were plotted in Figure 8.9. The shear results in Figure 8.9 indicate 
an expected shear strength change for the Sn-Pb+0.3Mo solder bump interconnect 
groups. At time zero, the higher the nano molybdenum content, the higher the shear 
strength. This is due to the doped nano molybdenum, which has a larger Young’s 
modulus than that of Sn-Pb solder (198 GPa vs 42 GPa). After the first 100 hours, the 
shear strengths of the Sn-Pb+0.3Mo composite solder bump interconnects increased 
marginally. Further aging considerably dropped the shear strength values, then they 
gradually flatted out with little decrease as the isothermal aging continued. The results are 
in good agreement with the previous studies [320-321]. The fracture modes of the shear 
were evaluated by SEM microanalysis. For comparison, the fracture modes of the groups 
under study at time zero and after the isothermal aging, i.e., high temperature storage 
(HTS), are presented together in Figure 8.10. 
 
During the shear test, the solder joint will fracture along the weak points, which 
indicates the failure mode of the solder joint. In general, if the stress, which is exerted on 
the interface by the shear tool during the test, is higher than the solder strength, while the 
net interfacial stress during the shear test is lower than the interfacial adhesion strength, 
the solder ball will fail inside the solder. On the other hand, if the adhesion strength 
between the IMC layer and the substrate metallization layer (or any other layer) is lower 
than the net interfacial stress during the shear test, the solder joint will fail through the 
interface. In this study, the failure mode switched from a bulk-related failure to an 
interface-related failure, depending on the aging time. Namely, fracture occurred inside  
 308









Figure 8.10 Fracture surfaces after bump shear test for the solder/substrate joint (a) Sn-Pb 
after HTS at 150 oC for 1000 hrs, (b) SP+0.3Cu after HTS at 150 for 1000 hrs, (c) 
SP+0.3Ni for 1000 hrs, (d) SP+0.3Mo after HTS for 1000 hrs. 
 
the bulk solder for samples aged up to 250 h while the joint failed partially at the 
solder/Cu6Sn5 interface for samples aged 500 h or longer (see Figure 8.10). This 
transition can be directly linked to the formation of thick Cu–Sn, Ni-Sn IMC layer. It has 
been reported that reliability degradation occurs at the interface between the solder and 
the substrate when a thick IMC layer is formed at the interface [322]. This phenomenon 
is presumably related to the decrease of the interfacial bonding area. As mentioned in 
Chapter 7, the thickness of the interfacial IMC increased and its morphology was 
converted from a scallop- to layer-like with increasing aging time. As a result, the total 
interfacial bonding area decreased. These results suggest that the interface between the 
solder and the Cu6Sn5, Ni3Sn4 IMC is brittle and that the failure mode of the solder joint 
75µm 75µm 
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changed to the interface-related one as the Cu6Sn5 /Ni3Sn4 IMC layer became thick. 
Consequently, the weak adhesion strength between the solder and Cu6Sn5/ Ni3Sn4 IMC 
layer increased the sensitivity of the interface to stress. 

























Figure 8.11 Variation of the bump shear strength of SAC based composite solder bumps, 
with aging time during HTS.  
 
The shear tests were performed for the samples aged at 150 °C and for 100 h, 250 
h, 500 h, 750 h and 1000 h, respectively. Figure 8.11 presents the shear strength results 
obtained for the Sn-Ag-Cu based composite solder bumps. In general, the shear strengths 
of the composite solder bumps reinforced with nano-molybdenum aged at 150 °C are 
higher than those composite solder joints doped with nano-nickel and subjected to aging 
at 150 °C for different durations. With the addition of nano particles, an obvious 
improvement in the shear strength is obtained for the samples aged at 150 °C. In the case 
of Sn-Ag-Cu solder subjected to 150 °C aging process, as shown in Figure 8.11, the shear 
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strength continuously decreased with aging time. The shear stress of Sn-Ag-Cu+0.3 Ni 
composite solder bumps decreased rapidly during the initial 250 h, but then only slightly 
until the aging for 500 h. After aging for 500 h, the shear stress remained constant with 
prolonged aging. The as-reflowed Sn-Ag-Cu+0.3Mo solder joint had comparatively high 
shear stress, around 445gf. The shear stress decreased rapidly during the initial 250 h. 
This decrease of the shear stress of the solder joints during initial aging may have been 





Figure 8.12 Fracture surfaces after bump shear test for the solder/substrate joint (a) SAC 
after HTS at 150 oC for 1000 hrs, (b) SAC+0.1 Ni after HTS at 150 oC for 1000 hrs, (c) 
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For electronic packaging applications, it is even more important to assess the 
fracture behaviors than the shear values. Fractural-microanalysis was performed for the 
sheared Sn-Ag-Cu composite solder bump interconnects and the results are shown in 
Figure 8.12. For comparison, the time zero (i.e., as-soldered) fracture modes are also 
presented. Fracture microscopy analysis indicated that the fracture modes were ductile for 
all the interconnect groups at time zero. However, after the aging, the fracture modes 
were diverged: for the low nano particle content groups, the fracture modes were ductile 
while for high nano particle content groups (0.1 wt% and higher), it was brittle. These 
findings are consistent with the results of the fracture modes obtained in an earlier study 
of the impact of the Cu content on the Sn- Ag-y%Cu interconnects in solid-liquid 
interactions [323-324] that is, high Cu content seems to result a relatively brittle lead free 
interconnect.  
 
8.5 Test board design 
  Test boards with daisy chains are essential to assemble the solder bump 
interconnects test chips to asses the reliability of composite solder bumps. The test boards 
were designed for 20mm X 20mm size test chips corresponding to the test chip designs. 
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Table 8.2 Specifications of test dies. 
Test die size (mm) 20mm X 20mm  
Number of bumps 448 
Bump layout Depopulated in outer rows 
Bump type Please refer Table 8.1 
Bump pitch 500µm 
Bump height 210µm 
Bump diameter 200µm 
Passivation Benzocyclobutene (BCB) 
 
Table 8.3 Test board specifications for test dies. 
Test Board 20mm X 20mm 
Material FR-4 ((~10ppm/0C) 
Pad finish Cu/Electroless Ni/Au  
Board dimension (mm) 40 X 50 X 1 
Pad diameter 180µm 
Pad pitch 500µm 
Solder mask design NSMD 
Flip chip mounting 1 
 
       
The test boards for 20mm X 20mm test die were fabricated using standard FR-4 
board material of ~10ppm/0C CTE with solder mask defined flip chip bond pads of 
electroless nickel and immersion gold surface finish. Each test die design consists of 11 
long daisy chains by connecting the outer and center interconnects, as shown in Figure 
8.13. These 11 daisy chains were again divided into 30 small chains by connecting 
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corners and sides of the test die to trace out the exact failure sites. Optical micrographs of 
test boards are shown in Figure 8.14. 
 
 






                              Figure 8.14 Optical micrographs of the test board. 
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8.6 Assembly process development 
In order to evaluate the reliability performance of the nano composite solder 
bump flip chip, the fabricated bump dies were assembled onto test boards with the non-
solder mask defined pads using Flip chip bonding. 
In Flip Chip packaging, after the solder bumps are formed on the chips, the 
bumped chips are passed through several processing steps before the Flip Chip bonding is 
complete. These processes include Flip Chip placement, reflow, cleaning, and underfill.  
In Flip Chip placement process, a special placement machine is used to perform 
each step including die feeding and pick-up, fluxing, alignment, and die placement, 
sequentially. 
For this type of placement process, the machine performs all the work from the 
beginning of the process until the placement process is complete. 
8.6.1 Die feeding and pick-up 
 
In this step, the bumped chips are fed into the placement machine and the 
placement head, which is a vacuum nozzle, travels down to pick the chip, and travels 
back up. The bumped chips can be fed into the placement machine in several options 
including waffle trays, gel paks, tape-and-reel, and direct die feed from wafer. Both 
waffle trays and gel paks are suitable for low volume applications. These two formats 
arrange the chips in two-dimensional array and can contain from 25-400 chips per pack, 
depending on the chip size [325]. Waffle trays house the chips in a grid of small cells 
slightly larger than the chip size. After all chips are picked, the empty tray is removed 
and replaced with the fully loaded tray.  
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The fluxing step is necessary for the Flip Chip placement since flux helps hold the 
die in place on the substrate prior to the reflow process and helps solder to wet the bond 
pads on the substrate. There are two ways to apply the flux; dip fluxing in which we 
apply the flux onto the bumped die, and dispensing in which the flux is applied onto the 
substrate. 
8.6.3 Dip fluxing 
 
In this method, a flux station is located inside the placement machine. The flux is 
prepared on a planar surface using a doctor blade to spread and level the flux. The typical 
thickness of the flux film is in the order 20-60 μm. The required thickness can be 
achieved by adjusting the level of the doctor blade. In the fluxing process, the die with 
bumps faced down is dipped into the flux film and is pulled up after a short period of 
time. Dip fluxing is an additional step in the placement process, resulting in longer 
processing time. Hence, this method is not suitable for high volume applications. 
8.6.4 Dispensing 
 
Dispensing method is used in high volume applications since in this method; there 
is no additional fluxing step in the placement process. This process is achieved using a 
dispenser to apply the controlled volume of flux onto the chip sites on the substrate prior 
to the substrate entrance to the placement machine. 
8.6.5 Alignment 
 
For the fully automatic placement machine, the proper combination of 
illumination, optics, and vision algorithms is necessary for accurate alignment. Software 
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algorithms are used to recognize the bump patterns and determine the center of the 
bumps. The sufficient contrast between the bumps and the die passivation or background 
layer is an important factor to get the proper recognition. The required contrast can be 
achieved by side lighting the chip with the lighting angle of 7° to 10° instead of lighting 
beneath the chip. Also, the resolution of the recognized image must be sufficiently high 
to achieve proper alignment. Three pixels are required on and between each bump to 
properly align the chip. 
8.6.6 Die placement 
 
After alignment, the die is placed onto the substrate using machine positioning 
systems. A low friction, linear motor-driven machine is the most common positioning 
system for the placement machine.  
The placement machine with this positioning system meets the accuracy, 
repeatability, and cleanliness requirements of Flip Chip assembly. During placement, due 
to the die fragility, depending on the die thickness, it is important to control the speed at 
which the die contacts the substrate to prevent damaging the die. After the die is placed 
on the substrate, force is applied by placement head before the head moves back. The 
applied force must be controlled such that the force is sufficient to ensure the contact 
between all the bumps and the substrate bond pads without deforming the bumps or 
damaging the die. Normally, the applied force ranges from 4 to 10 g per bump, depending 
on the number of bumps per die. 
After Flip Chip placement process is finished, the solder reflow process is 
performed. Reflow temperatures vary with the composite solder formulation. 
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For the Sn-37Pb based composite solder pastes, Kester set forth recommendations 
in order to achieve an optimum reflow profile. These parameters included a soak zone 
between 150ºC to 183ºC with an interval time of 60-90 seconds (120 seconds max), a 
reflow zone greater than 183ºC with an interval time of 30-60 seconds (90 seconds max), 
and a peak temperature between 210ºC to 225ºC. Figure 8.15 graphically represents 
Kester’s reflow suggestions for an optimum Sn-Pb profile. The soak zone serves two 
purposes. The soak zone brings the entire board up to a uniform temperature and begins 
to activate the flux within the solder paste. The reflow zone finishes the flux activation so 
that uniform melting of the solder joints will occur. Underneath the electronic package, 
the ends of the thermocouples were taped onto the PCB. The thermocouples were placed 





Figure 8.15 Reflow profile used for the Sn-Pb based composite solders. 
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Figure 8.16 Reflow profile employed for the SAC based composite solders. 
 
With the Sn-Ag-Cu based composite solder paste, Kester set forth 
recommendations in order to achieve an optimum reflow profile. These parameters 
included a soaking zone between 150ºC to 217ºC with an interval time of 60-90 seconds 
(120 seconds max), a reflow zone greater than 217ºC with an interval time of 60-75 
seconds (90 seconds max), and a peak temperature between 235ºC - 255ºC. Figure 8.16 
graphically represents Kester’s reflow suggestions for an optimum Pb-free profile. 
Figure 8.17 shows the 20 mm x 20 mm test chip demonstration with composite 
solder bumps. Figure 8.17 consists of (a) Test vehicle, (b) Test board and (c) Test chip 
with out under fill. 
 







Figure 8.17 20 mm x 20 mm test chip demonstration with composite solder bumps (a) 
test vehicle, (b) test board, (c) test chip with out under fill, (d) test chip with under fill. 
 
 
8.7 X-ray analysis of soldered assemblies 
 
X-ray screening was performed on the assembled packages to inspect the voids in 
the bonded solder and to know whether any two daisy chains were short circuited or not 
using Dage XD 6500 X-ray system. The minimum feature size recognition in this system 
was 2µm. X-ray tube voltage of 30-160KV was used. 
All components were x-ray screened and no evidence of post assembly solder 
bridging or other solder defects were observed. SMT yield was 100% for all assemblies. 
Cross section analysis was performed on BGA devices for all nano composite solder 
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assembled packages. No defects could be found in any of the cross sections. Intermetallic 
compound layer growth (IMC) was consistent and IMC thickness was within an 




Figure 8.18 Sn-Pb based composite solder test board assembly: (a) Sn-Pb, (b) SP+0.1Cu, 
(c) SP+0.1Ni, (d) SP+0.3Ni, (e) SP+0.1Mo, (f) SP+0.3Mo. 
 
Figures 8.18-8.19 show representative X-ray images of a mounted test vehicles. 
All solder joints are observed to be intact with no evidence of missing joint, smears, 
bridging, or other obvious defects. Figure 8.18 shows a representative cross section of an 








    
Figure 8.19 SAC based composite solder test board assembly: (a) SAC, (b) SAC+0.1Ni, 
(c) SAC+0.3Ni, (d) SAC+0.3Ni 3-D imaging (e) SAC+0.1Mo, (f) SAC+0.3Mo. 
 
 
8.8 Flip chip underfill 
 
Underfill process is the process to fill encapsulating material, which is epoxy, into 
the space between the die and the substrate. This underfill process is performed as the last 
step in the Flip Chip assembly process. After die placement, solder reflow, and cleaning 
processes are finished, a needle is used to dispense a controlled amount of epoxy along 
one or more sides of the chip perimeter. Epoxy may be loaded with fillers such as 
ceramic fillers to improve the thermal conductivity and adjust the CTE of the epoxy. 
Epoxy flows into the gap between the die and the substrate by capillary action and 
surrounds the bumps as it moves. Once the underside of the chip is completely filled, the 
epoxy will continue to flow and will form a fillet around the perimeter of the chip (flow-
out). The fillet serves as underfill reservoir, which helps compensate for normal 
variations in the volume of space to be filled between the die and the substrate, and 
reduce the stress concentration. After dispensing, the epoxy is cured. The goal of the 
(a) (b) (c)
(d) (e) (f)
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curing process is to develop epoxy to its optimum mechanical, electrical, and 
environmental properties with the shortest curing time. The important parameters for this 
underfill process include dispense volume, dispensing pattern, and dispensing 
temperature. 
8.8.1 Dispense volume 
 
In underfill process, it is important to calculate the amount of epoxy to be 
dispensed. The improper amount of epoxy may result in incomplete underfill (some 
solder bumps are not protected) or excess underfill. Incomplete underfill may lead to die 
crack and excess underfill may flow into area on the substrate where it can damage other 
circuit features. The dispense volume of epoxy depends on the volume of the space to be 
filled, and the volume of the fillet around the die. The volume of the space is the volume 
of the gap between the die and the substrate minus the volume of the solder bumps. The 
accuracy of dispense volume depends on the accuracy of the pump used to move the 
epoxy into the dispensing needle. The most accurate pump for underfill dispensing is the 
linear positive displacement pump (LPDP) [326]. 
8.8.2 Dispensing pattern 
 
The dispensing pattern affects greatly the possibility of air bubble trapping which 
will become voids in the cured underfill. The best way to avoid the trapping of bubbles is 
to dispense underfill along a single side of the die. However, this dispensing pattern 
results in the longest underfill time due to the long travel distance of underfill. The 
solution for shorter underfill time and low possibility of trapping is to dispense epoxy 
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8.8.3 Dispensing temperature 
 
The dispensing machine must have a thermal management system to control the 
temperature in each dispensing step, including preheating before dispensing, temperature 
profile during dispensing, and post-heating. Since the flow speed of epoxy depends on 
the temperature of the substrate, before the dispensing process starts, the substrate must 
be preheated to the optimal flow temperature of underfill. The dispensing needle must 
also contain a heating feature to assist the flow characteristics of the epoxy. The post-
heating temperature profile is important for completion of epoxy flow-out. 
 NAMICS U8437-2 is a high performance underfill. The filler content is 30%. The 
CTE is 65ppm/ ºC below the Tg (137 ºC by TMA) and 190ppm/ ºC above the Tg. The 
cure schedule is 15 minutes at 150 ºC. 
















Time (min)  
 
Figure 8.20 Curing profile of the underfill. 
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A fluid dispense system with the volumetric measurement was used to underfill 
the nano composite solder bump assemblies. The boards were heated to 85 ºC for 
dispense to increase the flow rate. After underfilling, the parts underfilled with NAMICS 
U8347-2 were cured using a box oven with the cure profile as shown in Figure 8.20.  
 
8.9 Scanning acoustic microscopy (SAM) 
 
Scanning acoustic microscopy (SAM) is a non-destructive technique that can be 
used to image the internal features of a specimen.  SAM is highly sensitive to the 
presence of delaminations, and can detect delaminations of sub-micron thickness, which 
are difficult to detect using X-ray radiography. SAM is an important tool for detecting 
popcorn cracking/delamination, die attach voiding, evaluating flip chip underfill integrity, 
and lid seal integrity in hermetically sealed packages. Ceramic direct bond substrates may 
be inspected for delamination using SAM. 
A SONIX Hyscan system in C-scan mode was used in conjunction with a focused 
transducer with a center frequency of approximately 50 MHz. The specimens to be 
examined were submerged in a water tank. The focused transducer, made of single-
crystal sapphire, was attached to an automated computer-controlled x-y-z stage and was 
excited by a SONIX Pulser-Receiver to generate ultrasonic waves. The focused beam 
was reflected by the specimen and returned to the transducer, which also acted as a 
receiver. The signal reflected from the back surface of the examined surface was gated, 
and its peak value provided the data for the C-scan image of this specimen. The 
transducer output signals, digitized by a four-channel digitizing oscilloscope and 
processed by a Gated Peak Detector, were then acquired using a personal computer to 
produce a C-scan image. 
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The CSAM images of the assemblies for different dispensing patterns showed that 
the single dot pattern and center line pattern generated far fewer voids than the other two 
patterns. The cross pattern produced several void-free assemblies, but occasionally 
formed large voids. This is because multiple flow fronts converged during the placement 
and trapped air voids inside. Thus, the single dot pattern has a clear advantage due to 
uniform symmetric flow that passes from the center towards the edges in all directions. 
Based on the dispensing pattern study results, the dot pattern appears to offer the best 
results and was thus chosen for use in the remaining process parameter studies. The 
amount of underfill dispensed for each site was another key parameter, which needed to 
be controlled.  
 Figure 8.21 shows the CSAM surface inspection for crack detection. It could be 
observed that the nano composite solder bump flip chip assemblies are surface crack free. 
Thorough scan CSAM images of Sn-Pb based composite solders reinforced with 
nano-copper, nano-nickel and nano-molybdenum are shown in Figure 8.22. Similarly, 
thorough scan CSAM images of Sn-Ag-Cu based nano composite solder bump 
assemblies are shown in Figure 8.23.  
Underfill adhesion is also critical to the reliability of a flip chip assembly; 
however, underfill delamination is another dominant failure mode in flip chips.  Figure 
8.22 did not show any typical delamination of composite solder bump flip chip detected 
after assembly. The delamination generally appears around the corners or edges of the 
chip. In the case of Sn-Pb, and Sn-Ag-Cu based composite solder bump assemblies no 
such delamination occurs around the corners or edges of the chip.  For the failure analysis 
after thermal cycling test, CSAM analysis was performed. After 1000 hours of thermal 
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cycling test, all bumps had black color which means that there was no occurrence of 
delamination at bump interface. On the other hand, after 2000 cycle thermal cycling test, 
the delamination at Si chip and bump interface, observed as white color in SAM images, 
was observed in corner and edge bumps. However, center bumps still maintained their 
contact even after 2300 thermal cycles. Contact resistance measurement results of bump 







Figure 8.21 C-SAM surface inspection for crack detection. 








Figure 8.22 C-SAM Images of SP based composites: (a) Sn-Pb, (b) SP+0.1Cu (c) 
SP+0.3Cu, (d) SP+0.3Ni, (e) SP+0.1Mo, (f) SP+0.3Mo. 








Figure 8.23 C-SAM Images of SAC based composites: (a) SAC, (b) SAC+0.1Ni (c) 
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8.10 Thermal Cycling Test: 
 
To determine the true reliability of electronic packages, testing schemes must 
mimic realistic environmental conditions. But, mimicking the exact environmental 
conditions is unrealistic due to the large amount of time and monetary investment 
required to fail the electronic component. Thus, accelerated life-testing (ALT) attempts to 
overstress the electronic package and reduce the mean life to failure. Through accelerated 
life testing, the results can be extrapolated and feasible interpretations about the 
environment of interest can be deduced. For this research endeavor, thermal cycle testing 
was employed. 
Thermal cycling is the strictest and most complete reliability test for a solder 
interconnect. It examines the responses (mechanical and electrical) of an interconnect to 
external thermal and mechanical stress load at two-substrate level. Such responses are 
complex and multifactor-dependent and therefore, failures can be due to various factors 
such as design, coefficient of thermal expansion (CTE) mismatch, both globally and 
locally, interconnect interfacial and bulk solder coarsening, and voiding, etc. 
Thermal cycling (TC) test was conducted by using an environmental chamber. 
The following thermal cycling test program as shown in Figure 8.24 was loaded into the 
chamber controlling PC: cycling range of – 40 °C to + 125 °C; dwell at each extreme 
temperature for 15 mins and 15 mins at each ramp. The temperature change that the 
testing assemblies would be experienced was similar to a sine wave. The intermediate 
pullouts for data reading were at every 250 cycles. The PASS/FAIL criterion for the TC 
test was less than 20% in relative electrical resistance increase. Before being placed into 
the chamber, the electrical resistance of each module was measured as the baseline by 
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using a multimeter (resistance measurement accuracy: 0.1 milli-ohm). Then the 
assemblies were loaded into the chamber. At each intermediate pullout, the chamber was 
brought down to room temperature first, and then the boards were pulled out for reading. 
The readings were recorded and tabulated using a spreadsheet and the assemblies were 






































Figure 8.24  Thermal Cycling Condition: -40 oC to 125 oC with 15 min hold time and 15 
oC/min ramp rate. 
 
8.11 Reliability Evaluation: 
The foremost technique to characterize solder joint failure reliability is with the Weibull 
distribution [327].  









texp                   (8.1) 
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Where β = shape parameter (a measure of the variance of the results); 
   η  = Scale parameter (characteristic life for 2-P Weibull, when the 63.2% 
population fail). 
The Weibull distribution graphically presents failure modes with three distinguishing 
parameters. These three parameters include the location parameter, the characteristic life 
(η), and the slope (β). The location parameter is defined as the minimum life of any 
entity/unit under test. In the electronics industry, all electronic packages are assumed to 
have a minimum life of zero because instantaneous failures can occur. Setting the 
minimum life to zero is a standard practice and widely accepted for electronic 
components [327]. Because the minimum life is set to zero, the failure life of electronic 
packages is characterized with a 2-parameter (η, β) Weibull distribution. The 
characteristic life (η) is the point (i.e. number of cycles) at which 63.21% of the 
population is expected to fail. The slope (β) of the Weibull distribution distinguishes 
different classes of failure modes. According to Abernethy [328], the slope of Weibull 
distribution can be separated into four distinct groups (1) β< 1 indicates infant mortality 
which is usually as a result of a manufacturing process or defective parts, (2) β= 1 
represents random failures independent of time, (3) 1 < β< 4 implies early wear out 
failures, and (4) β> 4 signify old age, rapid wear out failures. 
 “Reliasoft Weibull++6” calculated and displayed the 2-parmater Weibull 
distribution. This software also calculated the r2 value. The r2 value indicates how well 
the data fit the estimated parameters of the Weibull distribution. An r2 value of 1.0 
indicates a perfect fit, but usually r2 values greater than 0.85 are considered adequate. To 
confirm that “Reliasoft Weibull++6” was accurate, the results were verified with the 
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statistical software Minitab (Version 14). With Minitab, hypothesis testing on two data 
sets was conducted for the characteristic life (η) and the slope (β) to determine if these 
parameters were statistically different. The null hypothesis for η assumed equality 
between the two data sets (η1 = η2). The null hypothesis for β also assumed equality 
between the two data sets (β1 = β2). For hypothesis testing, Minitab reported the p-
values. If the p-value was greater than the desired level of significance (α), then the null 
hypothesis was accepted and no significant difference existed between the parameters. 
The level of significance of this research was set at the 5% level.  
 
8.12 Surface Science Evaluation: 
For this research, surface science techniques were used to analyze the 
characteristics of the solder joint after an allotted number of completed thermal cycles. 
After the electronic package had reached the desired level of completed cycles, the test 
vehicle was removed. Once removed, the electronic package was cross-sectioned from 
the test vehicle, mounted, polished, and gold coated. After the samples were prepared, the 
following techniques were used to analyze the microstructures of the solder joint: (1) 
scanning electron microscopy (SEM), (2) cross-sectional SEM analysis, and (3) energy 
dispersive X-ray spectroscopy (EDX). The limit of detection in a typical EDX analysis is 
0.1 at %. A series of SEM photographs of representative cross-sections were taken and 
shown in Figure 8.25. 
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Figure 8.25 Cross sectional view of assembled test chip (a) SP based composite solders, 
(b) SAC based composite solders; the failed interconnects of the composite solders 
subjected to Thermal cycling is shown in fig (c) and (d). 
 
The Thermal cycle failure results satisfy Weibull distribution model and the 
Weibull parameters are listed in Table 8.4 for Sn-Pb based composite solders.  
Table 8.4 Weibull analysis data for Sn-Pb based composite solders. 
 










First failures during temperature cycling were observed in an ENIG-finish, Sn-Pb 
solder bumps at 1250 cycles and the first failure occurred in Sn-Pb+0.3Cu solder bumps 
(d)
   100µm 
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at 1318 cycles. Weibull distributions of the data showed that the mean time to failure was 
1967 cycles with a 90.9% fit for the Sn-Pb solder bumps, while the mean time for the Sn-
Pb+0.1Cu samples was 2058 cycles with a 93.6% probability fit. Sn-Pb+0.1Ni composite 
solder bumps showed the mean time to failure was 2543 with a 91.8% probability fit. It is 
found that Sn-Pb+0.1Mo composite solder bumps showed the mean time to failure was 
2276 with a 90.5% probability fit. It can be observed from Table 8.2, that Sn-Pb+0.3Ni 
composite solder material is the most reliable one based on the characteristic life among 
all the tested samples. Sn-Pb solder meantime to failure improved by about 65.8% with 
0.3 wt.% addition of nano-nickel reinforcement.  
The Thermal cycle failure results satisfy Weibull distribution model and the 
Weibull parameters are listed in Table 8.5 for Sn-Ag-Cu based composite solders.  
Sn-Ag-Cu solder bumps mounted on ENIG finish had the lowest meantime to 
failure life (MTTF) of 2108 cycles. Sn-Ag-Cu+0.1Ni composite solder bumps exhibited 
the MTTF of 2465 cycles. Similarly Sn-Ag-Cu+0.1Mo composite solder bumps exhibited 
the MTTF of 2670 cycles. With the addition of 0.3 weight fraction of nano-nickel 
addition MTTF has raised to 2854 cycles. Sn-Ag-Cu, composite solder doped with 0.3 
wt.% of nano-molybdenum exhibited the highest MTTF of 3715 cycles, which is 
approximately 76.5% higher than the pure Sn-Ag-Cu solder.  
 
Table 8.5 Weibull analysis data for Sn-Ag-Cu based composite solders. 
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8.12 Failure Analysis: 
Failure analysis of composite solder bump interconnects assembled on FR-4 
substrates failed after different durations presented first.  It was observed that there is no 
significant package warpage and no apparent fracture in the composite solder bump 
interconnections.  
The primary failure mode observed in test vehicles bonded on FR-4 substrate is 
solder fatigue leading to cracking in the SnPb interface. It was seen from the FE models 
that the maximum von Mises strains are in the SnPb bonding interface, and is potentially 
the failure site as is also confirmed by the thermal shock tests. The crack in good 
probability occurred along the intermetallic layer between the substrate pad and the 
solder interface. It is expected that the SnPb composite solder doped with nano nickel 
experienced significant initial plastic deformation during thermal cycling before fatigue 
cracks.  
The stress and strain concentration at different locations of solder joint correlate 
well with failure modes observed during testing. Eutectic solder joint is more susceptible 
to bulk solder failure while Sn-3.8Ag-0.7Cu is more susceptible to intermetallic 
compound (IMC) layer failure. Softness of Sn-37Pb reduces the stress in IMC while 
increases the plastic strains in bulk solder. Life prediction model is determined by solder 
joint failure mode and mechanism. Stress criteria is suitable for IMC interfacial brittle 
crack while plastic strain criteria should be applied for life prediction of bulk solder 
ductile failure. 
During thermal cycling, the strain rate is much higher than that of normal material 
testing. Solder alloy normally becomes harder under high strain rate. Therefore, an 
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accurate rate-dependent solder material model is necessary for accurate simulation result 
or else only relative comparison is applicable. It is also a big challenge for solder material 
characterization. This situation is fairly addressed in Chapters 4. 
Normal component side is SMD while PWB side is NSMD. This structure seldom 
results in bulk solder crack on PWB side due to larger solder diameter. Via-in-Pad 
structure may increase the reliability of solder / Via-in-Pad interface, but the crack in via 
structure may happen. In addition, voids may occur close to via, resulting in lower 
reliability. The Via-in-Pad structure will be studied in future. Generally speaking, Via-in-
Pad has lower impact performance. Typical failure for each failure mode is shown in 
Figure 8.25. From the figure, it is observed that IMC crack is a brittle failure while bulk 
solder failure is close to ductile failure. The location of crack depends on where the 
weakest point is. Normally for lead-free solder, the weakest point is in IMC. With the 
improvement of solder joint reliability at package side, the IMC on PWB side is prone to 
crack too. The strength of IMC layer depends on solder, reflow process, pad finishing, 
and etc. Compared with lead-free solder, Sn-37Pb is more susceptible to bulk solder 
failure. Sometimes, the failure of combination of IMC failure and bulk solder failure may 
occur too. Crack starts from IMC and propagates into bulk solder or vice versa. 
As explained in Chpater 6, nano nickel addition has effectively suppressed the 
crack propagation through the soft Sn-Pb solder matrix and significantly improved its 
fatigue life. This is the main reason that can be attributed to the Sn-Pb+0.3Ni composite 
solder bump assembly showing excellent performance during thermal cyclic testing. It 
can be observed from Chapter 7, that the nano-molybdenum has effectively suppressed 
the IMC growth between the Sn-Ag-Cu composite solders reinforced with nano-
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molybdenum and ENIG substrate. This is the main mechanism leading the suppression of 
IMC growth there by improving the thermal cycling reliability performance of Sn-Ag-
Cu+0.3Mo composite solder bump assemblies. 
8.13 Summary: 
This chapter focused on the reliability assessments of the novel nanocomposite 
solder bumps in a chip scale package subjected to thermal cycling. This chapter includes 
UBM processing; solder paste printing, reflowing, assembly, inspection of voids by using 
x-ray system, under filling and c-sam inspection followed by the evaluation of 
microstructure failures in the reliability cycling.  
 Composite solder bumps were subjected to thermal aging at 150 °C for different 
durations. It was found that the bump shear strength of nanocomposite solders were 
slightly lower than that of the pure Sn-Pb and Sn-Ag-Cu solders. For the first 200 h of 
this test, the shear strength decreased at a higher rate than for the remainder of the test. 
During the shear tests, all the Sn-Pb based composite solder bumps failed inside the 
solder with a ductile mode. For the Sn-Ag-Cu based composites solders, most of the 
solder bumps failed partially inside the solder in a cohesive way and partially at the Ni(P) 
UBM/Al interface in a mixed mode fashion. 
The thermal cycle fatigue failure results satisfy the Weibull distribution model. It 
was observed that Sn-Pb+0.3Ni composite solder material gave the most reliable solder 
joints, based on the characteristic life obtained for all the Sn-Pb based composite solder 
samples. The mean-time-to-failure (MTTF) of Sn-Pb solder improved by about 65.8% 
with 0.3 wt.% addition of nano-nickel reinforcement. Sn-Ag-Cu composite solder with 
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0.3 wt.% of nano-molybdenum exhibited the highest MTTF of 3715 cycles, which is 
approximately 76.5% higher than the pure Sn-Ag-Cu solder. 
 




Conclusions and Recommendations 
 
 
This study is a systematic research focused on establishing the quantitative effects of 
nano-particle doping on the microstructure and mechanical behavior of Sn-Pb and Sn-
Ag-Cu based solder alloys. Numerous samples of solders doped with nano-particles of 
copper, nickel, molybdenum and SWCNTs were carefully prepared and their 
microstructural and mechanical properties characterized. The temperature cycling 
reliability of flip chip solder joints made of the nanocomposite solders was also 
investigated. The benefits of nano-particle addition to the Sn-Pb and Sn-Ag-Cu systems 
were analyzed and the optimum weight fraction range of nano-particle doping 
established. The conclusions made from this study are briefly outlined below. 
• Sn-Pb and Sn-Ag-Cu based nanocomposite solders were successfully synthesized 
by incorporating nano-sized particles of copper, nickel, molybdenum and 
SWCNTs by the powder metallurgy route. The microstructure, physical 
properties, and mechanical properties of the composite solders were investigated. 
• The novel nanocomposite solder alloys were subjected to deformation under 
strain rates from 10-5s-1 to 10-1s-1 at three different temperatures (25°C, 75°C, 
125°C). In this study, the influence of temperature and strain rate on the 
deformation characteristics and the fracture mechanics of Sn-Pb and Sn-Ag-Cu 
based nanocomposite solders were investigated. The test conditions cover the 
range of temperatures and strain rates which are important for the evaluation of 
solder joint reliability. It was found that the nano-particle addition has 
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significantly improved the high temperature creep characteristics of the 
nanocomposite solders. Among all the additives, nano-molybdenum has shown 
the highest gain in creep resistance. 
• Influence of aging treatment and strain rate on the deformation characteristics of 
Sn-Pb and Sn-Ag-Cu based composite solders were investigated. It was observed 
that the 2% offset flow stress increased substantially with increasing strain rate in 
all the composite solders studied. In contrast, flow stress decreased with 
increasing isothermal aging duration at 150 ºC. The strain rate dependence of flow 
stress was stronger at higher aging durations for the pure Sn-Pb and Sn-Ag-Cu 
solders, but it was weaker for composite solders reinforced with nano-
molybdenum. It was found that the stress exponents decreased with increasing 
aging duration, in all the composites investigated in the present study. It was 
found that the strain-hardening exponent of Sn-Pb and Sn-Ag-Cu based 
nanocomposite solders decreased with increasing aging durations in all the nano-
composite solders investigated. The reduction in strain hardening exponent was 
lowest for composite solders reinforced with nano-molybdenum. Suitable 
mechanisms for the observed change in mechanical properties were suggested. 
• Low cycle fatigue (LCF) of Sn-Pb and Sn-Ag-Cu based nanocomposite solders 
was investigated at different strain ranges to understand the fundamental effect of 
nano-particle addition on fatigue failure mechanisms. The critical fatigue life of 
the novel nanocomposite solder specimens was also investigated and it was found 
that nano-nickel addition has the best beneficial effect over the incorporation of 
the other additives investigated.  
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• A suitable nanocomposite solder paste was successfully synthesized, and fine 
pitch bumping with it was successfully demonstrated. 
• The nanocomposite solder bumps were found to exhibit superior reliability when 
compared to conventional solder bumps. Sn-Ag-Cu composite solders doped with 
0.3 wt.% of nano-molybdenum exhibited higher thermal cycling reliability than 
the bare Sn-Ag-Cu solder bumps.  It was found that Sn-Ag-Cu+0.3Mo is 
statistically 81.45% superior to pure Sn-Ag-Cu samples. This is because 
nanocomposite solders have lower CTE values and significantly smaller IMC 
thickness at the solder UBM interface. 
 
Recommendations for Future work 
 
• This dissertation mainly focused on the mechanical characterization of bulk solder 
systems. However, to understand the reliability of solder joints at device level, it 
is recommended to study the mechanical properties of nano-composite solder 
joints with different aging conditions as well as multiple reflows.  
• It is recommended to fabricate and study the reliability of micro bumps of smaller 
sizes using the composite solders developed in this study. 
• It is recommended to study the variation of mechanical properties across the 
solder joints. Elastic modulus, hardness, yield stress, strain rate sensitivity and 
time-dependent deformation behavior of solder bumps from the interface to the 
edge of solder bump can be studied using the nanoindentation technique. 
• It is recommended to study the effect of nano-composite solder bump size (or 
volume) on interfacial reaction with different pad finishes such as electroless 
nickel immersion gold (ENIG), and electrolytic nickel gold. 
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• Formation of an intermetallic compounds (IMC) is essential to the formation of  
reliable solder joints. The IMC formed at the interface is prerequisite for good 
solderability and wettability. In general, the IMC formed at the interface is brittle 
and fails easily. Fracture associated with the IMC is considered as one of the 
important failure mechanisms in solder joints of IC packages. As the 
miniaturization of the electronic devices is progressing, the size of the device and 
the solder joint is also getting reduced. This in turn will result in the coarsening of 
the IMC such that it occupies a high volume fraction of the entire solder joint. 
Thus, it is important to understand the mechanical properties of the individual 
phases, which contribute to the formation of the IMC. Hence, it is recommended 
to study the mechanical properties of the intermetallic compounds (IMCs) formed 
between nano-composite solders and different pad finishes. 
• Electromigration is one of the reliability concerns, especially for high density 
electronic packages. Nano-particle addition is expected to improve the 
electromigration reliability, therefore, it is recommended to study the effect of 
nano-particle addition on electromigration in ultra fine pitch composite solder 
bumps. 
• Electronic devices in a variety of applications are often subjected to drop and 
vibration loading during transportation and handling. Portable electronics may 
experience similar drop events throughout their life cycle due to accidental abuse. 
These transient events can cause damage to the component-to-board solder joint 
interconnects. The drive towards finer pitch and higher density packages 
exacerbates the risk of interconnect failure. Hence it is recommended to study the 
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drop durability of nano-composite solder interconnects at the board level 
according to the JEDEC JESD22-B104-B standard. 
• Finally, evaluation of bumps made of nano-composite solders at the board level 
using the following reliability tests are recommended to be carried out: 
 
¾ Package level bending test 
 
¾ Package level vibration test 
 
¾ Four point bending reliability test 
 
¾ Thermal shock test  
 







1. http:// www.intel.com/research/silicon/mooreslaw.html. 
2. Tummala, R. R. Fundamentals of Microsystems Packaging, 1st edition, Mc Graw-
Hill, New York, 2001. 
3. Nakayama, W. Advances in Thermal Modeling of Electronic components and 
systems, Hemisphere publishing, New York, pp.1-78, 1998. 
4. Elenius, P, Solid State Technology, April, pp.72-79, 1999. 
5. Ichiro, A., Asao, N., and Ryo, H., Hitachi Review, 48, pp. 294-299, 1999. 
6. Solberg, V., Light, D., and Fjelstad, J., Electronics Manufacturing Technology 
Symposium, Twenty-Sixth IEEE/CPMT International Volume, Issue 5, pp.108 – 
114, 2000. 
7.  “FormFactor’s Wafer-Level Packaging and Whole-Wafer Test Technologies”, 
see: www.formfactor.com. 
8. Scott, L. “Recipe for Reliability in Wafer Level Packaging”, The 8th Annual 
International KGD packaging and Test Workshop, Napa, California, USA, 
pp.387-394, 2001,  
9. Patel, C.S., Martin, K., and Meindl, J.D., 51st Electronic Components and 
Technology Conference, pp.1380-1383, 2001. 
10. Reed, H.A., Bakir, M.S., Patel, C.S., Martin, K.P., Meindl, J.D., and Kohl, P.A., 
Proceedings of the IEEE 2001 International Interconnect Technology Conference, 





11. Lunyu, M., Qi, Z., Sitaraman, S.K., Chua, C., and Fork, D.K., Advanced 
Packaging Materials: Processes, Properties and Interfaces, Proceedings. 
International Symposium on, pp.372 – 378, 2001 
12. Lunyu, M, Qi, Z., Hantschel, T., Fork, D.K., and Sitaraman, S.K., 52nd Electronic 
Components and Technology Conference, pp.1359-1365, 2002. 
13. Zhu, Q., Ma, L., and Sitaraman, S. K., ITHERM’2002, The Eighth Intersociety 
Conference on Thermal and Thermomechanical Phenomena in Electronic 
Systems, IEEE-CPMT, ASME, and IMAPS, pp. 833-839, 2002. 
14. Kacker, K., Lo, G., and Sitaraman, S. K., 55th Electronic Components and 
Technology Conference, pp. 545-550, 2005. 
15. Kumbhat, N., Raj, P. M., Pucha, R. V., Atmur, S., Doraiswamy, R., Sundaram, 
V., Bhattacharya, S., Sitaraman, S.K., and Tummala, R., 55th Electronic 
Components and Technology Conference, pp. 1364-1372, 2005. 
16. Choi, S., Bieler, T.R., Lucas, J.P., and Subramanian, K.N., Journal of Electronic 
Materials, 28, pp.1209-1221, 1999. 
17. Vianco, P.T., Kilgo, A.C., and Grant R., Journal of Electronic Materials, 24, 
pp.1493-1504, 1995. 
18. Marshall, J.L., Sees, J., and Calderon, .J., Proceedings of Technical Program-
Nepcon West Conference, Anahein, CA, pp.1278-1286, 1992. 
19. Marshall, J.L., Calderon, J., Sees, J., Luckey, G., and Hwang, J.S., IEEE 






20. Marshall, J.L., and Calderon, J., Soldering and Surface Mount Technology, 3, 
pp.6-10, 1997. 
21. Marshall, J.L., and Calderon, J., Soldering and Surface Mount Technology, 3, 
pp.11-18, 1997. 
22. Pinizzotto, R.F., Wu, Y., Jacobs, E.G., and Foster, L.A., Proceedings of Technical 
Program-Nepcon West Conference, Anahein, CA, pp.1284-1289, 1992. 
23. Wu, Y., Sees, J.A., Pouraghabragher, C., Foster, L.A., Marshall, J.L., Jacobs, 
E.G., and Pinizzotto, R.F., Journal of Electronic Materials, 22, pp.769-784, 1993.  
24. Sastry, S.M.L.,  Peng, T.C., Lederich, R.J., and Kuo, C. G., Proceedings of 
Technical Program-Nepcon West Conference, Anahein, CA, pp.1266-1272, 1992. 
25. Reno, R. C., and Panunto, M.J., Journal of Electronic Materials, 26, pp.11-20, 
1997. 
26. Betrabet, H.S., and McGee, S.M., Proceedings of Technical Program-Nepcon 
West Conference, Anahein, CA, 1992, pp.1276-1287, 1992. 
27. Betrabet, H.S., McGee, S.M., and McKinlay, J.K., Scripta Metallurgica et 
Materilia, 25, pp.2323-2329, 1991. 
28. Mavoori, H., and Jin, S., Journal of Electronic Materials, 27, pp.1216-1224, 1998. 
29. Clough R.B., in: Proceedings of Technical Program-Nepcon West Conference, 
Anahein, CA, pp.1256-1262, 1992. 
30. Clough, R.B., Shaprio, A.J., Bayba, A.J., and Luckey, G.K., Jr., Advances in 





31. Kuo, C.G., Sastry, S.M.L., and Jerina, K.L., Microstructures and Mechanical 
Properties of Aging Material, edited by Liaw, P.K., Viswanathan, R., Murty, 
K.L., Simonen, E.P., and Frear, D., TMS, Warrendale, PA, pp. 409-416, 1993. 
32. Kuo, C.G., Sastry, S.M.L., and Jerina, K.L., Microstructures and Mechanical 
Properties of Aging Material, edited by Liaw, P.K., Viswanathan, R., Murty, 
K.L., Simonen, E.P., and Frear, D., TMS, Warrendale, PA, pp. 417-424, 1993. 
33. Marshall, J.L., and Calderon, J., Soldering and Surface Mount Technology, 9, 
pp.22-28, 1997. 
34. Subramanian, K.N., Bieler, T.R., and Lucas, J.P., Journal of Electronic Materials. 
28, pp.1176-1182, 1999. 
35. Choi, S., Gibson, A.W., McDougall, J.L., Bieler, T.R., and Subramanian, K.N., 
Reliability of Solders and Solder Joints, edited by Mahidhara,  R.K. et al., TMS, 
Warrendale, PA, pp.241-248, 1997.  
36. Gibson, A.W., Choi, S., Subramanian, K.N., and Bieler, T.R., Reliability of 
Solders and Solder Joints, edited by Mahidhara, R.K.  et al., TMS, Warrendale, 
PA, pp.97-104, 1997.  
37. McCormack, M., Jin, S., and Kammlott, G.W., IEEE Transactions on 
Components, Hybrids, and Manufacturing Technology-PART A, 17, pp.452-458, 
1994. 
38. Gibson, A.W., Subramanian, K.N., and Bieler, T.R., Journal of Advanced 
Materials, 30, pp.19-27, 1998. 






40. Vianco, P.T., Erickson, K.L., and Hopkins, P.L., Journal of Electronic Materials, 
23, pp.721-727, 1994. 
41. Wu, C.M.L., Yu, D.Q., Law, C.M.T., and Wang, L., Journal of Electronic 
Materials, 31, pp.921-929, 2002. 
42. Wu, C.M.L., Yu, D.Q., Law, C.M.T., and Wang, L., Journal of Materials 
Research, 31, pp.3146-3153, 2002. 
43. Wu, C.M.L., Yu, D.Q., Law, C.M.T., and Wang, L., Journal of Electronic 
Materials, 31, pp.928-935, 2000. 
44. Law, C.M.T., Wu, C.M.L., Yu, D.Q., and Li, M., Presented at Conference of 
Material Science & Technology 2003, Chicago, 9–11 November 2003. 
45. Wu, C.M.L., Law, C.M.T., Yu, D.Q., and Wang, L., Journal of Electronic 
Materials, 32, pp.63–69, 2003. 
46. Wu, C.M.L., Huang, M.L., Lai, J.K.L., and Chan, Y.C., Journal of Electronic 
Materials, 29, pp.1015–1020, 2000. 
47. Xia, Z.D., Chen, Z.G., Shi, Y.W., Mu, N., and Sun, N., Journal of Electronic 
Materials, 31, pp.564–567, 2002. 
48. Chen, Z.G., Shi, Y.W., Xia, Z.D., and Yan, Y.F., Journal of Electronic Materials, 
31, pp.1122–1128, 2002. 
49. Chen, Z.G., Shi, Y.W., Xia, Z.D., and Yan, Y.F., Journal of Electronic Materials, 
32, pp.235–243, 2003. 
50. Zhu, Y., Fang, H., and Qian, Y., Materials Research Society Symposium 






51. Wang, L., Yu, D.Q., Huang, M.L., and Zhao, J., Materials Letters, 56, pp.1039-
1042, 2002. 
52. Yu, D.Q., Law, C.M.T., Wang, L., and Wu, C.M.L., Journal of Electronic 
Materials, 31, pp 921-927, 2002. 
53. Tu, K.N., and Thompson, R.D., Acta Metallurgica et Materialia, 30, pp.947-954, 
1982. 
54. Ma, X., Qian, Y., and Yoshida, F., Journal of Alloys and Compounds, 334, 
pp.224-2270, 2002. 
55. Kim, H.K., and Tu, K.N., Applied Physics Letters, 67, pp.2002-2005, 1995. 
56. Wu, Y., Sees, J.A., Pouraghabagher, C., Foster, L.A., Marshall, J.L., Jacobs, 
E.G., and Pinizzotto, R.F., Journal of Electronic Materials, 22, pp.769-774, 1993. 
57. Wu, C.M.L., and Huang, M.L., Journal of Electronic Materials, 31, pp.442–448, 
2002. 
58. Tu, K.N., Physical Review B, 49, pp.2030-2033, 1994. 
59. Tu, K.N., Lee, T.Y., Jang, J.W., Li, L., Frear, D.R., Li, L., Zeng, K., and 
Kivilahti, J.K., Journal of Applied Physics, 89, pp.4843-4846, 2001. 
60. Lin, D.C., Liu, Guo, T.M., Wang, G.X., Srivatsan, T.S., Petraroli, M., Materials 
Science and Engg A, 360A, pp. 285-292, 2003. 
61. Lin, D.C., Wang, G.X., Srivatsan, T.S., Hajri, A., and Petraroli, M., Materials 
Letters, 57, pp.3193-3199, 2003. 
62. Gleiter, H., Progress in Materials Science, 33, pp.223-228, 1989. 






64. Castro, T., Reifenberger, R., Choi, E., and Andres, R.P., Physical Review B, 42 
pp.8548-8551, 1990. 
65. Ammen, C. W., Metal casting, McGraw-Hill, New York, 2000. 
66. Randall, M. G., Powder Metallurgy Science, Prentice Hall International, New 
Jersey, 1993. 
67. Frederick, N. R., Phase Diagrams in Metallurgy Their Development and 
Application, McGraw-Hill, New York, 1976. 
68. Petzow, G., and Effenberg., “Silver-Tin-Copper” Ternary Alloys, Vch 
Verlagsgesellschaft, Weinheim, Germany, pp. 239-249, 1988. 
69. Lin, C. H., Chen, S. W., and Wang, C.H., Journal of Electronic Materials, 31, 
pp.907-916, 2002. 
70. Giessen, W. C., Bulletin of Alloy Phase Diagrams, Vol. 1, pp. 41-45, 1980. 
71. Yen, Y. W., and Chen, S. W., Journal of Materials Research, 89, pp.1982-1994, 
2006. 
72. Moon, K. W., Boettinger, W. J., Handwerker, C.A., and Kattner, U. R., Journal 
of Electronic Material, 29. pp.1122-1136, 2000. 
73. Suryanarayana, C., Mechanical Alloying and Milling, Marcel Dekker, New York, 
2004. 
74. Soni, P. R., Mechanical Alloying: Fundamentals and Applications, Cambridge 
International Science Publishing Ltd, Cambridge, 1999. 






76. George, S. B., Henry, R. C., and John, A. V., Materials Hand Book, McGraw-
Hill, New York, 1999. 
77. Wu, W.F., Lin, Y.Y., and Young, H.T., Proceedings of the Seventh Electronics 
Packaging Technology and Conference, Singapore, pp. 625-650, 2005. 
78. Tee, T.Y., Ng, H.S., Siegel, H., Bond, R., and Zong, Z.W., Proceedings of the 
Sixth Electronics Packaging Technology and Conference, Singapore, pp. 743-
748, 2004. 
79. Milton, O., Reliability & Failure of Electronic Materials & Devices, Academic 
Press, San Diego, USA, 1998. 
80. Lau, D., and Lee, S.W.R., Proceedings of the Sixth Electronics Packaging 
Technology and Conference, Singapore, pp.516-521, 2004. 
81. Kumbhat, N., Raj, P.M., and Pucha, R.V., Proceedings of the 55th Electronic 
Components and Technology Conference, Florida, USA, pp.1364-1369, 2005. 
82. Lee, C.C., Chang, S.M. and Chiang, K.N., Proceedings of the Sixth Electronics 
Packaging Technology and Conference, Singapore, pp.776-781, 2004. 
83. Rodney, S.R., and Donald, C.L., Carbon, 33, pp.925–930, 1995. 
84. Fiori, V., and Zhang, X., Proceedings of the Seventh Electronics Packaging 
Technology and Conference, Singapore, pp.188-193, 2005.  
85. Kuo, M.C., Tsai, C.M., Huang, J.C., and Chen, M., Materials Chemistry and 
Physics, 90, pp185-190, 2005. 
86. Lindemann, F.A., Zeitschrift für Physikalische Chemie, 11, pp.609-614, 1910. 






88. Ziman, J.M., Principles of the Theory of Solids. Cambridge University Press, 
London, 1972. 
89. Atsushi, H., Masaki, O., and Nobuyuki, O., Proceedings of the 55th Electronic 
Components and Technology Conference Florida, USA, pp.1716-1721. 2005.  
90. Svasta, P., Daniel, S., and Ciszkowski, W., Proceedings of the 52nd Electronic 
Components and Technology Conference, San Diego, USA, pp.1613-1618, 2002. 
91. Osman, M.A., and Srivastava, D., Nanotechnology, 12, pp. 21–24, 2001. 
92. Hone, J., Whitney, M., and Zettl, A., Synthetic Metals, 103, pp. 2498–2499, 
1999. 
93. Choi, S.U.S., Zhang, Z.G., Yu, W., Lockwood, F.E., and Grulke, E.A., Applied 
Physics Letters, 79, pp. 2252–2254, 2001. 
94. Sandler, J.K.W., Kirk, J.E., Kinloch, I.A., Shaffer, M.S.P., and Windle, A.H., 
Polymer, 44, pp. 5893–5899, 2003. 
95. Martina, C.A., Sandler, J.K.W., Windle, A.H., Schwarz, M.K., Bauhofer, W., and 
Schulte K., Polymer, 46, pp. 877–886, 2005. 
96. Moisala, A., Li, Q., Kinloch, I.A., and Windle, A.H., Composites Science and 
Technology, 66, pp. 1285–1288, 2006. 
97. Potschke, P., Abdel-Goad, M., Alig. I., Dudkin, S., and Lellinger, D., Polymer, 
45, pp.8863-8868, 2004. 
98. Pan, T., Nicholson, J.M., and Blair, R.H., Proceedings of the 7th International 






99. Sandler, J.K.W., Kirk, J.E., Kinloch, I.A., Shaffer, M.S.P., and Windle, A.H., 
Polymer, 16, pp.248-251, 2003. 
100.Giannelis, E.P., Applied Organometallic Chemistry, 12, pp. 675–680, 1998. 
101.Chen, G.H., Wu, D.J., Weng, W.G., He, B., and Yan, W.L., Polymer 
International, 50, pp. 980–985, 2001. 
102.Chen, G.H., Wu, D.J.,  Weng, W.G., He, B., and Yan, W.L., Journal of Applied 
Polymer Science, 82, pp. 2506–2513, 2001.  
103.Xiao, P., Xiao, M., Liu P., and Gong, K., Carbon, 38, pp. 626–628, 2000. 
104.http://www.boulder.nist.gov/div853/lead%20free/solders.html, NIST solder 
database. 
105.Xu, J., Hu, Y., Song, L., Wang, Q., and Fan, W., Materials Research Bulletin, 36 
pp. 1833–1836, 2001. 
106.Xu, J., Hu, Y., Song, L., Wang, Q., and Fan, W., Polymer Degradation and 
Stability, 73, pp. 29–31, 2001. 
107.Feng, W., Wang, C., and Morinaga, M., Journal of Electronic Materials, 31, 
pp.185–190, 2002. 
108.Manko, H.H., Solders and Soldering Technology, McGraw-Hill, New York, 
2001. 
109. Aksay, I.A., Hoge, C.E., and Pask, J.A., The Journal of Physical Chemistry, 78, 
pp.1178–1183, 1974. 
110. Eustathopoulos, N., Nicholas, M.G., and Drevet, B., Wettability at High 





111. Howie, F.H., and Hondros, E.D., Journal of Materials Science, 17, pp.1434–
1440, 1982. 
112. Iida, T., and Guthrie, R.I.L., The Physical Properties of Liquid Metals, 
Clarendon Press, Oxford, 1993. 
113. DiMasi, E., Tostmann, H., Shpyrko, O.G., and Huber, P., Physical Review 
Letters, 86, pp.1583-1588, 2001. 
114. Tiamatsu, H., and Sangiorgi, R., Surface Science, 261, pp.375–381, 1992. 
115. Schwaneke, A.E., Falke, W.L., and Miller, V.R., Journal of Chemical 
Engineering and Data, 23, pp.298–301, 1978. 
116. Carroll, M.A., and Warwick, M.E., Materials Science and Technology, 3, 
pp.1040–1045, 1987.  
117. Moser, Z., Gasior, W., and Pstrus, J., Journal of Electronic Materials, 30, 
pp.1104–1111. 2001. 
118. Zelinsk, B.J.J., Cronin, J.P., Densuk, M., and Uhlmann, D., High-temperature 
wetting behavior of inorganic liquids. In Wettability; Berg, J.C., Ed.; Marcel 
Dekker, New York, 1993. 
119. Meschter, S.J., Wetting of low melting point alloys on metal substrates, PhD 
Thesis, Binghamton University, Binghamton, NY, 2001. 
120. Meschter, S.J., Singler, T.J., Yin, L., and Murray, B.T., Interactive Dynamics of 






121. Meschter, S.J., Singler, T.J., Gorman, S., and Yin, L., Proceedings of 
InterPACK99 (ASME), Advances in Electronic Packaging, Maui, Hawaii, 
pp.143–155, 1999. 
122. KleinWassink, R.J., Soldering in Electronics. 2nd Edition, Electrochemical 
Publications Ltd, Scotland, 1989. 
123. George, J., Bhagawan, S.S., and Thomas, S., The Journal of Thermal Analysis, 
47, pp.1121–1140, 1996. 
124. Dlouhy, I., Reinisch, M., Boccaccini, A.R., and Knott, J.F., Fatigue & Fracture 
of Engineering Materials & Structures, 20, pp. 1235–1253, 1997. 
125. Fukuda, H., and Chou, T.W., Journal of Composite Materials, 15, pp.79–91, 
1981. 
126. Nardone, V.C., and Prewo, K.M., Scripta Metallurgica et Materialia, 20, pp.43–
48, 1986.  
127. Clyne, T.W., Materials Science and Engineering A 122, pp.183–192, 1989. 
128. Taya, M., and Arsenault, R.J., Scripta Metallurgica et Materialia, 21, pp. 349–
354, 1987. 
129. Arsenault, R.J., and Fischer, R.M., Scripta Metallurgica et Materialia, 17, pp. 
67–71, 1983. 
130. Arsenault, R.J., and Shi, N., Materials Science and Engineering A 81, pp. 175–
187, 1986. 
131. Kouzeli, M., and Mortensen, A., Acta Materialia, 50, pp. 39–51, 2002. 






133. Arsenault, R.J., Wang, L., and Feng, C.R., Acta Metallurgica et Materialia, 39, 
pp. 47–57, 1991. 
134. Chmelı´k, F., Lukáč, P., Kiehn, J., Mordike, B.L., Kainer, K.U., and Langdon, 
T.G., Materials Science and Engineering A, 325, pp. 320–323, 2002. 
135. Chmelík, F., Kiehn, J., Lukáč, P., Kainer, K.U., and Mordike, B.L., Scripta 
Materialia, 38, pp. 81–87, 1998. 
136. Chmelík, F., Lukáč, P., Kúdela, S., Kiehn, J., Mordike B.L., and Kainer K.U., 
Magnesium alloys and their applications. Wiley-VCH, Weinheim, pp. 229–233. 
2000. 
137. Carreño, E., Urreta, E., and Schaller, R., Proceedings of the international 
conference on fatigue of composites, Société Française de Métallurgie et de 
Matériaux, Paris, pp. 112–119, 1997. 
138. Delannay, F., Comprehensive composite materials, Elsevier, Amsterdam, pp. 
341–369, 2000. 
139. Lukáč, P., Physica status solidi (a), 131, pp. 377–390, 1992. 
140. Couret, A., and Caillard, D., Acta Metallurgica et Materialia, 33, pp. 1447–1454. 
1985. 
141. Obara, T., Yoshinaga, H., and Morozumi, S., Acta Metallurgica et Materialia, 
21, pp. 845–853, 1973. 
142. Tonda, H., and Ando, S., Metallurgical and Materials Transactions A, 33, pp. 
831–836, 2002. 
143. Agnew, S.R., Horton, J.A., and Yoo, M.H., Metallurgical and Materials 





144. Courtney, T.H., Mechanical Behavior of Materials. 2nd edition, McGraw Hill, 
Boston, 2000. 
145.Lilholt, H., Additive strengthening. In: Bilde-Sørensen, J.B., Editor, Deformation 
of multi-phase and particle containing materials, Proceedings of the 4 Risø 
international symposium on metallurgy and materials science, Risø 5–9 
September 1983, Risø National Laboratory, Roskilde,  pp. 381–392, 1983. 
146. Clyne, T., and Whithers, P.J., An introduction to metal matrix composites, 
Cambridge University Press, Cambridge, 1993.  
147. Kim, K.S., Huh, S.H., and Suganuma, K., Materials Science and Engineering A, 
333, pp.106–114. 2002. 
148. Finot, M., Shen, Y.L., Needleman, A., and Suresh, S., Metallurgical and 
Materials Transactions A, 25A, pp.2403-2409, 1994.  
149.Frear, D.R., Posthill, J.B., and Morris, J.W., Metallurgical and Materials 
Transactions, 20A, pp. 1325–1333, 1989. 
150. Kawashima, K., Ito, T., and Sakuragi, M., Journal of Materials Science, 27, pp. 
6387–6390, 1992. 
151. Plumbridge, W.J., and Gagg, C.R., Journal of Materials Science, Materials in 
Electronics, 10, pp. 461–468, 1999. 
152. Yeung, B., and Jang, J.W., Journal of Materials Science Letters, 9, pp. 723–726, 
2002. 
153. Hollomon, J.H., Transactions of The American Institute of Mining, 





154. Ludwik, P., Elemente der Technologischen Mechanik, Springer, Leipzig, pp. 32-
36, 1909. 
155. Swift, H.W., Journal of the Mechanics and Physics of Solids, 1, pp.1–18, 1952. 
156. Monteiro, S.N., and Reed-Hill, R.E., Metallurgical Transactions, 4, pp. 1011–
1015, 1973. 
157. Hertzberg, R.W., Deformation and Fracture Mechanics of Engineering 
Materials, John Wiley and Sons, USA, 1996. 
158. Meyer, M.A., and Chawla, K.K., Mechanical Behavior of Materials, Prentice 
Hall, New Jersey, 1998. 
159. Samuel, K.G., Journal of Physics D: Applied Physics, 39, pp. 203–212, 2006. 
160. Buhler, H.,  and Wagene, H.W., Z. Metallkunde, 58, pp.136–144, 1967. 
161. Datsko, J., Material Properties and Manufacturing Processes, Wiley, New York 
1966. 
162. Fitzpatrick, J.M., Journal of Materials, 3, pp.977–982, 1968. 
163. Jones, W. K., Liu, Y. Q., Zampino, M. A., and Gonzalez, G. L., Advancing 
Microelectronics, pp. 30-34, 1997. 
164. Darveaux, R., and Banerji, K., IEEE Transactions on Components, Hybrids and 
Manufacturing Technology, 15, pp.1013-1024, 1992. 
165. Dongkai, S., Lead-free Solder Interconnect Reliability, Materials Park, Ohio, 
ASM International, Chapter 2, 2005. 
166. Liu, S., and Qing, Z. F., Advances in Electronic Packaging, ASME EEP, 19, 





167. Lau, J., and Pao, Y. H., Solder Joint Reliability of BGA, Flip Chip, CSP, and 
Fine Pitch SMT Assemblies, Van Nostrand Reinhold, New York, Chapter 4, 
1997. 
168. Sandor, B. I., Ju, S. H., and Plesha, M. E., ASME Journal of Electronic 
Packaging, 118, pp.193-200, 1996. 
169. Rotherham, L., Smith, A.D.N., and Greennough, G.B., Journal Institute of 
Metals, 79, pp. 439-446, 1951. 
170. Frear, D.R., Burchett, S.N., and Neilsen, M.K., Proc. InterPack ’97, EEP series, 
19-2, Advances in Electronic Packaging, pp. 1515-1527, 1997. 
171. Mavoori, H., Chin, J., Vaynman, S., Moran, B., Ker, L., and Fine, M., Journal of 
Electronic Materials, 26, pp. 783–790, 1997. 
172. Cahn, R.W., and Hassen, P., Physical Metallurgy. Volume III, Elsevier Science 
Publisher, Amsterdam, The Netherlands, pp. 2568-2575, 1996.  
173. Yang, Q., and Ghosh, A.K., Acta Materialia, 54, pp. 5159-5168, 2006.  
174. Bird, J.E., Mukherjee, A.K., and Dorn, J.E., Quantitative relation between 
properties and microstructure, Israeli University Press, Jerusalem, pp. 255–341, 
1969. 
175. Spingarn, J.R., and Nix, W.D., Acta Metallurgica et Materialia, 26, pp.1389-
1396, 1978.  
176. Suery, M., and Baudelet, B., Research Mechanics Journal, 2, pp.163-170, 1981. 
177. Fan, W., Kashyap, B.P., and Chaturvedi, M.C., Materials Science and 





178. Pancholi, V., and Kashyap, B.P., Materials Science and Engineering A, 351, pp. 
174-182, 2003. 
179. Mohamed, F.A., Journal of Materials Science, 18, pp. 582-589, 1983. 
180. Mishra, R.S., Bieler, T.R., and Mukherjee, A.K., Acta Materialia, 43, pp.877-
884, 1995. 
181. Chaudhury, P.K., and Mohamed, F.A., Acta Materialia, 36, pp.1099-1107, 1988. 
182. Nieh, T.G., Wadswort, J., and Sherby, O.D., Super plasticity in metals and 
ceramics, Cambridge University Press, Cambridge, 1997. 
183. Jiménez, M., Domínguez, A., and Bravo, A., Journal of the American Ceramic 
Society, 81, pp. 2761-2768, 1998. 
184. Owen, D.M., and Chokshi, A.H., Acta Materialia, 46, pp. 667-676, 1998. 
185. Balasubramanian, N., and Langdon, T.G., Scripta Materialia, 48, pp.599-604, 
2003. 
186. Morita, K., and Hiraga, K., Philosophical Magazine Letters, 83, pp.97-102, 
2003. 
187. Chen, T., and Mecartney, M.L., Materials Science and Engineering A, 410, pp. 
134-139, 2005. 
188. Cottrell, A.H., Dislocation and plastic flow in crystals, Oxford University Press, 
London, 1953. 
189. Vianco, P.T., Rejent, J.A., and Kilgo, A.C., Journal of Electronic Materials, 32, 
pp.142-148, 2003. 






191. Demeis, R., Aerospace America, pp. 26–28, 1989. 
192. Zedalis, M.S., Bryant J.D., Gilinan, P.S., and Das, S.K., Journal of Materials, pp. 
329–341, 1991. 
193. McDanels, D.L., Metallurgical and Materials Transactions 16A, pp. 1105–1115. 
1985.  
194. Franetovic, V., Shea, M.M., and Ryntz, E.F., Materials Science and Engineering, 
96, pp. 231–245, 1987.   
195. Sorensen, N.J., Suresh, S., Tvergaard, V., and Needleman, A., Materials Science 
and Engineering A, 197, pp. 1-9, 1995.  
196. Lewandowski, J.J., and Lowhaphandu, P., International Materials Reviews, 43, 
pp.145-154, 1998. 
197. Dutta, I., Sims, J.D., and Seigenthaler, D.M., Acta Metallurgica et Materialia, 
41, pp. 885-894, 1993. 
198. Plumbridge, W.J., and Gagg, C.R., Journal of Materials Science, Materials in 
Electronics, 10, pp.461-468, 1999. 
199. Kariya, Y., Plumbridge, W.J., in: Proceedings of the Seventh Symposium on 
Micro joining and Assembly Technology in Electronics, The Japan Welding 
Society, Japan, Yokohama, pp.383-390, 2001. 
200. Yu, J., Joo, D.K., and Shin, S.W., Acta Materialia, 50, pp. 4315-4328, 2002. 
201. Vagarali, S.S., and Langdon, T.G., Acta Metallurgica et Materialia, 29, pp. 
1969–1982, 1981. 






203. Zhu, Q., Blum, W., and. McQueen, H.J., Aluminum Alloys: Their Physical and 
Mechanical Properties (ICAA 5), Transtec Publications, Switzerland, pp.1169–
1174, 1996. 
204. Horita, Z., and Langdon, T.G., Proceedings of International Conference on 
Strength of Metals and Alloys (ICSMA 6), Pergamon Press, Oxford, UK, 1985. 
205. Horita, Z., Shimada, T., Endo, T., and Langdon, T.G., Proceedings of 
International Conference on Creep and Fracture of Engineering Materials and 
Structures, Swansea, UK, 1987.   
206.Ganesan, S., Pecht, M., Lead-free Electronics, Wiley-Inter science Publication, 
pp. 51-52, 2006. 
207.IPC Roadmap: A Guide for Assembly of Lead-free Electronics, IPC, Northbrook, 
IL, 2000. 
208.Medvedev, A. S., Metallovedenie i Obrabotka. Metallov, 7, pp. 16-23, 1956 
209.Lampe, B. T., Welding Journal, 55, pp. 330-340, 1976. 
210.Miyazawa, Y. and Ariga, T., Proceedings of the First International Symposium 
on Environmentally Conscious Design and Inverse Manufacturing, pp. 616-619, 
1999. 
211.Miyazawa, Y., and Ariga T., Materials Transactions of the Japan Institute of 
Metals, 42, pp. 776-782, 2001. 
212.Chilton, A. C., Whitmore, M. A., and Hampshire, W. B., Soldering and Surface 
Mount Technology, 3, pp. 21-24, 1989. 
213.Coyle, R. J., Solan, P. P., Serafino, A. J., and Gahr, S. A., Proceedings of the 





214.Lee, S. W. R., Tsui, Y. K., Huang, X., and Yan, C. C., Proceedings of the 2002 
ASME International Mechanical Engineering Congress and Exposition, pp.1-4, 
2002. 
215.Gagliano, R. A., Fine, M. E., Vaynman, S., and Stolkarts, V., Advanced 
Materials for the 21st Century: Proceedings of the 1999 Julia R. Weertman 
Symposium, pp. 107-116, 1999. 
216.Tsui, Y. K., Lee, S. W., and Huang, X., Proceedings of the 4th International 
Symposium on Electronic Materials and Packaging, pp. 478-481, 2002. 
217.Chuang, C. M., Liu, T. S., and Chen, L. H., Journal of Materials Science, 37, pp. 
191-195, 2002. 
218.Vianco P. T., Rejent J. A., and Grant, R., Transaction of Japan Institute of 
Metallurgy, 45, pp. 765-775, 2004. 
219.Xiao, Q., Nguyen, L., and Armstrong, W. D., Proceedings of the 54th Electronic 
Components and Technology Conference, pp. 1325-1332, 2004. 
220.Madeni, J. C., Liu, S., and Siewert, T., Proceedings of the ASM International 
Conference, 2002. 
221.Lin, J. K., De Silva, A., Frear, D., Guo, Y., Hayes, S., Jang, J. W., Li, L., 
Mitchell, D., Yeung, B. and Zhang, C., IEEE Transactions on Electronics 
Packaging Manufacturing, 25, pp. 300-307, 2002. 
222.Xiao, Q., Bailey, H. J., and Armstrong, W. D., Journal of Electronic Packaging, 
126, pp. 208-212, 2004. 
223.Pang, J. H. L., Low, T. H., Xiong, B. S., Xu, L., and Neo, C. C., Thin Solid 





224.Darveaux, R., Proceedings of the 55th Electronic Components and Technology 
Conference, pp.882-893, 2005. 
225.Hasegawa, K., Noudou, T., Takahashi, A., and Nakaso, A., Proceedings of the 
2001 SMTA International, pp.1-8, 2001. 
226.Li, M., Lee, K. Y., Olsen, D. R., Chen, W. T., Tan, B. T. C., and Mhaisalkar, S., 
IEEE Transactions on Electronics Packaging, 25, pp. 185-192, 2002. 
227.Chou, G. J. S., Proceedings of the 8th Symposium on Advanced Packaging 
Materials, pp. 39-46, 2002. 
228.Law, C. M. T., and Wu, C. M. L., Proceedings of HDP’04, pp. 60-65, 2004. 
229.Wang, Q., Johnson, R. W., Ma, H., and Gale, W. F., 10th Electronic Circuit and 
World Convention Conference (ECWC 10), 2005. 
230.Vianco, P.T., Rejent J. A., and Martin J. J., JOM, 55,  pp. 50-55, 2003. 
231.Vianco, P.T., and Rejent J. A., UCLA Workshop on Pb-free Electronics, 2002. 
232.Vianco, P.T., “Fatigue and Creep of Lead-free Solder Alloys: Fundamental 
Properties,” Chapter 3 Lead-free Solder Interconnect Reliability, Edited by D. 
Shangguan, ASM International, pp. 67-106, 2006. 
233.Vianco, P. T., Rejent, J.A., and Kilgo, A.C., Journal of Electronic Materials, 32, 
pp.142-151, 2003. 
234.Ding, Y., Wang, C., Li, M., and Bang, H. S., Materials Science and Engineering, 
Vol. A384, pp. 314-323, 2004. 
235.Saker, M.S., El-Shazly, A.A., Mostafa, M.M., El-Sayed, H.A., and Mohamed, 





236.Mostafa, M.M., Nada, R.H., and Abd El-Salam, F., Physica Status Solidi A, 143 
pp.297-304, 1994. 
237.Lu, M., Ren, W., and Liu, S., Proceedings of the 47th Electronic Components 
and Technology Conference, pp. 144–148, 1997. 
238.Martin, J.W., Micro mechanisms in Particle-hardened Alloys, Cambridge 
University Press, London, 1980. 
239.Taylor, G., Progress in Materials Science, 36, pp. 29–61, 1992. 
240.Piehler, H.R., and Backhofen, W.A., Metallurgical Transactions, 2, pp.249–255, 
1971. 
241.Shewfelt, R.S.W., and Brown, L.M., Philosophical Magazine, 35, pp.945–962. 
1977. 
242.Lai, Z., The Crystal Defects and Mechanical Properties of the Metal, Metallurgy 
Industry Publishing Company, 1988. 
243.Chawla, N., Williams, J.J., and Saha, R., Journal of Light Metals, 2, pp.215–227, 
2004. 
244. Vaynman, S., Fine, M.E. and Jeannotte, D.A., Low-cycle isothermal fatigue life 
of solder materials. In: D.R. Frear, W.B. Jones and K.R. Kinsman, Editors, 
Solder mechanics—a state of the art assessment. TMS, PA, USA, pp. 155–189, 
1990.  
245. Smith, J.F., and Kubalak, R.R., In: W.A. Cubberly, Editor, Tin and tin alloy (9th 
edition), Metals handbook vol. 2, American Society for Metals, Metals Park, OH 
pp. 613–625, 1979. 





247. Kanchanomai, C., Miyashita, Y., and Mutoh, Y., International Journal of 
Fatigue, 24, pp. 987–993, 2002.  
248. Solomon, H.D., and Tolksdorf, E.D., ASME: Journal of Electronic Packaging, 
117, pp.130–135, 1995.  
249. Shi, X.Q., Pang, H.L.J., Zhou, W., and Wang, Z.P., International Journal of 
Fatigue, 22, pp. 217–228, 2000.  
250. Stolkarts, V., Keer, L.M., and Fine, M.E., Journal of the Mechanics and Physics 
of Solids, 47, pp. 2451–2468, 1999.  
251. ASTM standards. ASTM E606: standard practice for strain-controlled fatigue 
testing, vol. 03.01. American Society for Testing and Materials, pp.525–539, 
1998. 
252.  Kanchanomai, C., Miyashita, Y., and Mutoh, Y., International Journal of 
Fatigue, 24, pp. 671–683, 2002.  
253. Hua, F., and Glazer, J., Lead-free solders for electronic assembly, In: Design and 
Reliability of Solder Interconnections (Edited by R. K. Mahidhara D. R. Frear) 
The Minerals, Metals and Materials Society, Warrendale, PA, pp. 65–73, 1997.  
254. Kariya, Y., and Otsuka, M., Journal of Electronic Materials, 27, pp.1229–1235, 
1998.  
255. Kariya, Y., and Otsuka, M. Journal of Electronic Materials, 27, pp.866–870, 
1998.   
256. Kanchanomai, C., Miyashita, Y., Mutoh, Y., and Mannan, S. L., Materials 





257. Kanchanomai, C., and Mutoh, Y., Journal of Electronic Materials, 30, pp.329–
333, 2004.   
258. Lee, W.W., Nguyen, L.T., and Selvaduray, G.S., Microelectronics Reliability, 
40, pp. 231–244, 2000.  
259. Taira, S., Lifetime of structures subjected to varying loading and temperature. 
In: N.J. Hoff, Editor, Creep in structures, Academic Press, San Diego, 1962.  
260. ASME Boiler and Pressure Vessel code, case interpretation, code case N-47, 
American Society of Mechanical Engineers, New York, 1974.   
261. Coffin, L.F., The concept of frequency separation methods in life prediction for 
time dependent fatigue. In: ASME symposium on creep fatigue interaction, pp. 
346–363, 1976.  
262. Manson, S.S., Behavior of materials under conditions of thermal stress. Heat 
Transfer Symposium, University of Michigan Engineering Research Institute,  
pp. 9–95, 1953.  
263. Coffin, L.F., A study of the effects of cyclic thermal stresses on ductile metal. 
Transactions of the ASME, 76, pp. 931–950, 1954.  
264. Mason, S.S., Creep fatigue analysis by strain range partitioning. ASME 
symposium on design for elevated temperature, San Francisco, CA, 1971.  
265. Morrow, J.D., Cyclic plastic strain energy and fatigue of metals. ASTM STP 
378, pp. 45–87, 1964.  
266. Shi, X.Q., Pang, H.L.J., Zhou, W., and Wang, Z.P., Scripta Materialia, 41, pp. 





267. Solomon, H.D., and Tolksdorf, E.D., ASME: Journal of Electronic Packaging, 
118, pp.67–71, 1996.  
268. ASTM standards, ASTM E606. Standard practice for strain controlled fatigue 
testing. The American Society for Testing and Materials, 1998.  
269. Kanchanomai, C., Miyashita, Y., and Mutoh, Y., Journal of Electronic Materials, 
31, pp.142-149, 2002.  
270. Hertzberg, R.W., Deformation and Fracture Mechanics of Engineering 
Materials. John Wiley & Sons, New York, pp.557–566. 1996.   
271. Guo, G., Cutiongco, E.C., Keer, L.M., and Fine, M.E., Trans.ASME, Journal of 
Electronic Packaging, 114, pp.145-152, 1992.   
272. Jennie, H., Implementing Lead-Free Electronics. McGraw-Hill Professional 
Engineering New York, 2005.  
273. Smith, K. N., Watson, P., and Topper, T. H., Stress–strain function for the 
fatigue of metals. Journal of Materials Science, 5, pp.767–778, 1970.  
274. Morrow, J. D., Cyclic plastic strain energy and fatigue of metals. ASTM-STP, 
378, pp. 45-54, 1965.  
275. Polasik, S.J., Williams, J.J., and Chawla, N., Metallurgical and Materials 
Transactions A, 33, pp.73-81, 2002.  
276. McCabe, R.J., and Fine, M.E., JOM, 52, pp.33-39, 2000.   
277. Zhao, J., Miyashita, Y., and Mutoh, Y., International Journal of Fatigue, 22, pp. 
665-672, 2000.  






279. McLean, D., and Farmer, M.H., Journal Institute of Metals, 85, pp.41-50, 1956. 
280. Good, S.H., and Brown, L.M., Acta Metallurgica et Materialia, 27, pp.1-15, 
1979.  
281. Raj, R., and Ashby, M.F., Acta Metallurgica et Materialia, 23, pp.653–666, 
1975. 
282.Zeng, K., and Tu, K.N., Materials Science and Engineering R, 38, pp. 55-112, 
2002.  
283. Yoon, J.W., Lee, C.B., and. Jung, S.B., Journal of Electronic Materials, 32, pp. 
1195-1203, 2003.   
284. Alam, M.O., Chan, Y.C., and Hung, K.C., Journal of Electronic Materials, 31, 
pp. 1117-1123, 2002.   
285. Takemoto, T., Matsunawa, A., and Takahashi, M., Journal of Materials Science, 
32, pp. 4077-4089, 1991.  
286. Yoon, J.W., Lee, C.B., and. Jung, S.B., Materials Transactions, 43, pp. 1821-
1832, 2002.  
287. Suganuma, K., Shotoku, T., Nakamura, Y., and Niihara, K., Journal of Materials 
Research, 13, pp. 2859-2868, 1998.  
288. Yoon, J.W., and. Jung, S.B., Journal of Alloys and Compounds, 359, pp. 202-
209, 2003.  
289. Jang, J.W., Frear, D.R., Lee, T.Y., and Tu, K.N., Journal of Applied Physics, 88 
pp. 6359-6368, 2000.  
290. Abtew, M., and Selvaduray, G., Materials Science and Engineering R, 27, pp. 





291. Alam, M.O., Chan, Y.C., and Tu, K.N., Journal of Applied Physics, 94, pp. 
4108-4111. 2003.  
292. Zeng, K., Vuorinen, V., and Kivilahti, J.K., IEEE Transactions on Electronics 
Packaging Manufacturing, 25, pp.162-169, 2002.  
293. Jeon, Y.D., Paik, K.W., Bok, K.S., Choi, W.S., and Cho, C.L., Journal of 
Electronic Materials, 31, pp.520-528, 2002.  
294. Alam, M.O., Chan, Y.C., and Hung, K.C., Microelectrononics Reliability, 42, 
pp. 1065-1074, 2002.  
295. Yoon, J.W., Lee, C.B., Kim, D.U., and Jung, S.B., Metals and Materials 
International, 9, pp.193-200, 2003.  
296. Prakash, K.H., and Sritharan, T., Journal of Electronic Materials, 32, pp. 939-
948, 2003.   
297. Massalski, T.B., Binary Alloy Phase Diagrams. Volume 3, ASM, Ohio USA, 
pp.2863-2864, 1986.  
298. Wang, J.W., Kim, P.G., Tu, K.N., Frear, D.R., and Thompson, P., Journal of 
Applied Physics, 85, pp.8456-8464, 1999.  
299. Gur, D., and Bamberger, M., Acta Materialia, 46, pp.4917-4926, 1998.  
300. Lee, C. Y., and Lim, K.L., Thin solid films, 249, pp.201-209, 1994.  
301. Wang, J.W., Kim, P.G., Tu, K.N., Frear, D.R., and Thompson, P., Journal of 
Applied Physics, 85, pp.8456-8459, 1999.  
302. Yoon, J.W., Lee, C.B., and Jung, S.B., Materials Transactions, 43, pp. 1821–





303. Prakash, K.H., and Sritharan, T., Journal of Electronic Materials, 32, pp. 939-
947, 2003.  
304. Vianco, P.T., Kilgo, A.C., and Grant, R., Journal of Electronic Materials, 24, pp. 
1493-1503, 1995.  
305. Tu, P.L., Chan, Y.C., Hung, K.C., and Lai, J.K.L., Scripta Materialia, 44, pp. 
317-322, 2001.  
306. Yoon, J.W., Lee, C.B., and Jung, S.B., Journal of Electronic Materials, 32, 
pp.189-196, 2003.   
307. Takemoto, T., Matsunawa, A., and Takahashi, M., Journal of Materials Science, 
32, pp. 4077-4085, 1991.  
308. Yoon, J.W., and Jung, S.B., Journal of Alloys and Compounds, 359, pp. 202-
209, 2003.  
309. Van Loo, F.J.J., Progress in Solid State Chemistry, 20, pp.47-87, 1990.  
310. Ohriner, E., Welding Journal, 191, pp. 195-202, 1987.  
311. Belova, I., and Murch, G.E., Philosophical Magazine A, 80, pp.2073-2086, 
2000.  
312. Belova, I., and Murch, G.E., Philosophical Magazine A, 82, pp.269-285, 2002.  
313. Takemoto, T., and Yamamoto, T., Journal of the JCBRA, 40, pp.309-315, 2001.  
314. Ma, X., Qian, Y., and Yoshida, F., Journal of Alloys and Compounds, 334, 
pp.224-232, 2002.  
315. International Technology Roadmap for Semiconductors, 2001 and 2003 Update.  
316. Waste electrical and electronic equipment (WEEE) directive of European 





317. Kim, K.S., Huh, S.H., and Suganuma, K., Journal of Alloys and Compounds, 
352, pp.226-235, 2003.  
318. Lee, H.T., Chen, M.H., Jao, H.M., and Liao, T.L., Materials Science and 
Engineering A, 358, pp. 134-142, 2003.  
319. Zhang, F., Li, M., Balakrisnan, B., and Chen, W.T., Journal of Electronic 
Materials, 31, pp.1256-1263, 2002.  
320. Kim, D.H., Proceedings of 51st Electronic Components and Technology 
Conference, Piscataway, NJ; IEEE, pp.726-731, 2001.  
321. Balkan, H., Patterson, D., Burgess, G., Carlson, C., Elenius, P., Johnson, M., 
Rooney, B., Sanchez, J., Stepniak, D. and Wood, D.J., Proceedings of 52nd 
Electronic Components and Technology Conference, Piscataway, NJ, IEEE, 
pp.1263-1269, 2002.  
322. Yoon, J.W., and Jung, S.B., Journal of Materials Research, 21, pp.1590–1599, 
2006.  
323. Schaefer, M., and Fournelle, R.A., Journal of Electronic Materials, 27, pp.1167-
1175, 1998.  
324. Lu, H.Y., Balkan, H., and Ng, K.Y.S., JOM, 57, pp.30-35, 2005.  
325. Garrou, P. E., and Turlik, I., Multichip Module Technology Handbook, 
McGraw-Hill, New York, Chapter 8, 1998.  
326. Babiarz, A. J., Advanced Packaging, 7, pp. 34-36, 1998.  
327. Lau, J., and Pao, Y. H., Solder joint reliability of BGA, Flip Chip, and fine pitch 






328. Abernethy, R. B., The New Weibull Handbook. 2nd edition, Robert Abernethy 
North Palm Beach, 1996. 








Solder Paste Preparation for Fine Pitch Bumping 
 
A.1 Introduction 
A.1.1 Definition of Solder Paste 
A solder paste is essentially comprised of metal solder powder suspended in a 
thick medium called Flux. Flux is added to act as a temporary adhesive for holding the 
components until the soldering process. The paste is a gray, plasticine-like material. The 
composition of the solder paste varies with purpose the paste is used for.  For example, 
with plastic packages on a FR-4 board the solder composition used is eutectic Sn-Pb 
(63%Sn 37%Pb) or SAC alloys (Sn/Ag/Cu). If one needs high tensile and shear strength 
Tin-Alimony alloys can be used. Generally, solder pastes are frequently made up of an 
alloy of tin and lead, with possibly a tertiary metal alloyed, though environmental 
protection legislation is forcing a move to lead-free solder. 
Solder paste is thixotropic, meaning that its viscosity changes with applied shear 
force (e.g. stirring). The thrixotropic index is a measure of the viscosity of the solder 
paste at rest, compared to 'worked' paste. Hence it may be very important to stir the 
solder paste before it is used. To produce a quality solder joint, it's very important for the 
spheres of metal to be very regular in size and have a low level of oxide. 
 
A.1.2 Classification based on particle size 
The solder particle size and shape determines the paste print-ability. A solder ball 
is spherical in shape; this helps in reducing the surface oxidation and ensures good joints 
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formation with the adjoining particles. Irregular particle sizes are not used as they tend to 
clog stencils, causing printing defects. The pastes are classified based on the particle size 
by JEDEC J-STD 005 [329]. This is a standard body governing the electronic industry. 
The table below gives the classification type of a paste compared with the mesh size and 
particle size. 
Table A.1 Classification of solder paste based on particle size. 








Type2 -200/+325 75-45 60 
Type3 -325/+500 45-25 35 
Type4 -400/+500 38-20 31 
Type5 -500/+635 25-15 18 
 
 
A.1.3 Classification based on flux 
 
According to J-STD-004, solder pastes are classified into three types based on the 
flux types: rosin based pastes, water soluble pastes and no clean pastes. Rosin based 
pastes are made of rosin, a natural extract from the pine trees. These fluxes need to be 
cleaned after the soldering process by using CFC. Due to the ban on this material the 
usage of rosin fluxes is not predominant. Water soluble fluxes are made up of organic 
materials of glycol bases. There are wide varieties of cleaning agents for these fluxes. A 
no-clean flux is made up of resins and various levels of solid residues. No-clean pastes 
not only save cleaning cost but also capital expenditure and floor space. However these 
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A.1.4 Properties of Solder paste 
In using solder paste for assemblies we need to test and understand the various 
rheological properties of a solder paste. A few of them are explained in this section: 
A.1.4.1 Viscosity: Viscosity of a material is an internal property of the material which 
resists the tendency to flow. In this case, solder paste is desired to have varying 
viscosities at different stress levels. Such a material is called thixotropic. When solder 
paste is moved by the squeegee on the stencil, due to the application of stress on the paste 
the viscosity breaks down, making the paste thin and helping it to flow easily through the 
apertures on the stencil. When the stress on the paste is removed it regains it shape 
preventing it from flowing on the PCB. Viscosity for a particular paste is available from 
the manufacturer’s catalog and in-house testing is needed sometimes to judge the 
usefulness of the paste after some usage. 
A.1.4.2 Slump: Slump is the characteristic of a material to spread after application. 
Theoretically it is assumed that the paste side walls are perfectly straight after the 
deposition of paste and remain like that until the part placement. If the paste has high 
slump value we see a deviation from the expected behavior, as now walls of the paste are 
not perfectly straight. Slump in a paste should be minimized as it risks formation of 
bridges between two adjacent pads. 
A.1.4.3 Working life: Working life is the amount of time a paste can stay on a stencil 









Solder paste is typically used in a screen-printing process, in which paste is 
deposited over a stainless steel or polyester mask to create the desired pattern on a printed 
circuit board. The paste is dispensed pneumatically or by pin transfer (where a grid of 
pins are dipped in solder paste and then applied to the board). As well as forming the 
solder joint itself, the paste carrier/flux must have sufficient tackiness to hold components 
while passing through the various processes, or perhaps moved around the factory. 
Printing is followed by pre-heating and reflow (melting). As with all fluxes used in 
electronics, residues left behind may be harmful to the circuit, and standards (eg J-std, 
JIS, IPC) exist to measure the safety of the residues left behind. In most countries, 'no-
clean' solder pastes are the most common, whereas in the US, water soluble paste (which 
have compulsory cleaning requirements) are common. 
 
A.1.6 Storage 
Solder paste should be stored in an airtight container at low temperatures (above 
freezing) but should be warmed to room temperature before use. Air exposure to the 
solder particles in the raw powder form causes them to oxidize so exposure should be 
kept to a minimum. The paste manufacturer will suggest a suitable reflow temperature 
profile to suit their individual paste. However, one can expend too much energy on this. 
The main requirements are a gentle rise in temperature (preheat) to prevent explosive 
expansion (solder balling) and to activate the flux. Thereafter the solder melts and the 
time in this area is known as Time Above Liquidus. Reasonably rapid cool down is a 
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requirement after this. A good tin/lead solder joint will be shiny and relatively concave. 
This will be less so with lead-free solders. 
 
A.1.6 Advantages of solder paste 
 
¾ Convenience and simplicity 
¾ Separate handling of solder and flux is eliminated 
¾ Expensive tinning equipment not required. 
¾ Precision and economy (solder is applied exactly where it is required) 
¾ Suitable for mass production. 
¾ Work can mostly be carried out by unskilled labour. 
¾ The process can be mechanised in most applications 
 
A.2 Experimental Investigation 
 
Pre-weighed quantities of solder powder and nano-particles were ball milled, and 
thoroughly mixed using V-cone blender as explained in Chapter 3, section 3.2. The nano 
composite solder powder and flux were weighed in the ratio of 88:12, and placed together 
in the container of a Thinky mixer. The gross weight of the container was noted. After 
this step, the Thinky mixer lid was opened and the counter weight was set to balance the 
container weight. The Thinky mixer operates on a non-contact mixing method where the 
material container rotates and revolves at 400G acceleration, resulting in fast and highest-
grade mixing with no air bubbles. TACflux 007 was used for Sn-Pb based composite 
solder paste preparation, while TACflux 023 was used for Sn-Ag-Cu based composite 
solder paste preparation. Both fluxes were supplied by Indium Corporation. The 
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following solder paste compositions were successfully manufactured by employing the 
optimized time for mixing and deaeration.  
By employing this repeatable and reproducible methodology we were able to 
manufacture the composite solder paste formulations up to 0.3 wt.% of nano-particle 
additions. Beyond this weight percentage of nano-particles, excessive oxidation will take 
place. A new flux system needs to be developed for higher concentrations of nano-
particles. Flux development deals with lots of chemical compositions and analyses, and it 
will take a long time to successfully formulate a new flux system. As part of this 
dissertation, the composite solder formulations as shown in Table 7.2, are utilized for 
growth kinetics of intermetallic layers between the novel nanocomposite solders and 
typical electroless nickel gold substrates used in the electronics industry. The same solder 
paste composition is utilized for reliability evaluation of composite solder bumps in level 
1 interconnects assembly.  
Table A.2 Composite solder paste materials prepared in present study. 
Material Code Composition of material 
SP 63Sn-37Pb solder eutectic 
SP+0.1Cu Sn-Pb+ 0.1 wt.% nano-copper 
SP+0.3Cu Sn-Pb+ 0.3 wt.% nano-copper 
SP+0.1Ni Sn-Pb+ 0.1 wt.% nano-nickel 
SP+0.3Ni Sn-Pb+ 0.3 wt.% nano-nickel 
SP+0.1Mo Sn-Pb+ 0.1 wt.% nano-molybdenum 
SP+0.3Mo Sn-Pb+ 0.3 wt.% nano-molybdenum 
SAC Sn-3.8Ag-0.7Cu 
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SAC+0.1Ni Sn-Ag-Cu+0.1 wt.% nano-nickel 
SAC+0.3Ni Sn-Ag-Cu+0.3 wt.% nano-nickel 
SAC+0.1Mo Sn-Ag-Cu+0.1 wt.% nano-molybdenum 
SAC+0.3Mo Sn-Ag-Cu+0.3 wt.% nano-molybdenum 
 
After the solder paste preparation, handling and storage of the solder paste play a 
very crucial role in determining the solder joint quality and reliability.  
 
A.3 Solder paste handling and storage 
Many of the problems encountered while using solder paste may be attributed to 
the methods by which the paste is transported, received, stored and applied. By 
controlling these handling procedures, many paste-related problems can be reduced or 
eliminated. 
A.3.1 Heat 
Because solder paste consisted of two ingredients with very different densities - metal 
and flux medium - excessive heat can greatly exacerbate the separation of the flux 
medium from the paste. Every effort should be taken to avoid the exposure of solder 
paste to excessive heat. 
A.3.2 Moisture 
The solder paste is somewhat hygroscopic, thus it should be stored in a moisture and 
temperature controlled environment. Moisture can cause and increase powder oxidation 
which lessens the shelf life and may affect wetting. 
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Freezing of the solder paste is not recommended. It can negatively alter the wetting 
characteristics of the paste. 
A.3.4 Storage 
The ideal storage temperature for the solder paste is 45°F ± 10°F and direct lighting 
should be avoided. 
A.3.5 Working Area Environment 
The ideal working area condition for the solder paste is 40% ~ 50% relative humidity and 
room temperature of 72°F ~ 80°F. 
A.3.6 Paste Preparation 
It is of critical importance that the solder paste not be used or applied when cold. 
Cold paste opened below the dew point of the work area will cause moisture 
condensation on the paste surface, resulting in slump, flux and/or solder spatter, part 
movement, and/or other related process defects. To avoid such problems, the solder paste 
should be brought to the room temperature prior to usage. 
Do not remove any seal, open, or attempt to mix the solder paste until it has 
warmed completely to the room temperature. Though containers after a period of time 
may feel warm by touching outside, the core temperature of the solder paste may not be 
completely ambient. 
A.3.7 Mixing 
Once the paste has warmed adequately, mix the solder paste lightly and 
thoroughly in one direction for one to three minutes by means of a spatula or other 
mixing devices. This will ensure an even distribution of any separated material 
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throughout the paste. However, care should be taken not to over-mix the paste by stirring 
too vigorously or for too long. 
Used solder paste should be stored in a separate container. It is not recommended 
to add used paste to fresh paste. If the used paste is in a small amount, it may be added to 
the fresh paste. The ratio of fresh and used solder paste may vary in order to achieve a 
good printing consistency. It should be noted that many companies choose to discard 
used paste in order to avoid potential cross contamination and process problems. 
A.4 Summary 
In this chapter, preparation, and preservation of composite solder paste was 
discussed. Composite solder in the form of paste can be utilized for fine pitch bumping. 
Classification of solder paste, based on particle size, and flux type was presented. Novel 
nano composite solder paste with varying weight fractions of nano-
copper/nickel/molybdenum was successfully synthesized. Properties of composite solder 
paste, and handling methodologies were mentioned in detail.  
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Figure B.2 Experimental fixture setup for tensile test at room temperature, using Instron 
tensile tester. 
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Figure B.4 Composite solder bumps after printing and reflow. 
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Figure B.5 Epoxy mounted composite solder bumps for microstructural characterization. 
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